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Supervisor:  Navid B. Saleh 
 
Extracting multifunctional benefits by combining multiple nano-scale materials has 
driven materials science to develop nano-heterostructures, which are known as 
nanohybrids (NHs). Many such composite materials have been researched for applications 
in the energy sector and in biomedical devices and processes. Among these NHs, carbon 
nanotubes combined with metal oxides (MOs) are one of the most studied materials that 
provide unique advantages as electrocatalyst supports, and are currently being 
commercialized as embedded electrodes for fuels cells. NHs are not only a new class of 
complex materials but also brings in novel physicochemical properties that most likely 
cannot be captured by the sum of the properties of their components materials. Thus, 
understanding the environmental health and safety (EHS) of this new class of composite 
NHs is imperative. The first challenge that the nano-EHS community faces is to synthesize 
these materials with a range of MO loadings or composition under a controlled and 
comparable set of experimental conditions.   
 x 
 In this dissertation, a set of carbonaceous-metal oxide NHs have been synthesized 
and characterized under comparable synthesis conditions. After synthesis, the underlying 
mechanisms of metal oxide formation on multiwalled carbon nanotubes (MWNT) surfaces 
has been enumerated, and finally, aggregation behavior of a select NH and its components 
has been assessed as a function of the metal oxide loading. A modified sol-gel technique 
has been developed to grow TiO2, ZnO, Er2O3, and Pr6O11 nanocrystals on MWNT 
surfaces. The novelty of this technique is that, by varying reagent composition, metal oxide 
content on the MWNT surfaces can be controlled, keeping all other parameters unchanged. 
The modified synthesis protocol has been successfully developed to produce a relatively 
large amount of NHs (100s of mg per batch of synthesis), adequate for systematic nano 
EHS studies. Following detailed characterization of the materials, underlying hybridization 
and MO crystal formation mechanism(s) have been enumerated. Furthermore, standard 
electron potential of the metal species (while considering electron transfer between their 
oxidized state to zero valent form) has been found to be the controlling factor for the 
formation of metal or metal oxide crystals from the precursors on MWNT surfaces, using 
the sol-gel synthesis technique.  
 Self-aggregation, one of the dominant environmental processes that particles 
undergo upon release into aquatic environment, has been assessed for one of the most used 
and commercialized NHs MWNT-TiO2 and its components. This study investigated the 
role of TiO2 loading on the aggregation behavior, MWNT-TiO2 NH with three different 
TiO2 loadings. Results suggested that TiO2 loading on MWNT surfaces control aggregation 
behavior of the composite NHs. NHs with all TiO2 loading demonstrated strong 
 xi 
dependence on electrokinetics. Deoxygenation of the NHs with decreased TiO2 loading 
due to the NH synthesis process appeared to be a key contributor on the electrokinetics of 
the NHs. The van der Waals interaction forces of the NHs decreased with decrease in TiO2 
loading. This study also concluded that classical DLVO theory may be inadequate to 
capture the aggregation behavior of the NHs.  
 The controlled synthesis technique developed during this research, as well as the 
mechanisms of metal vs. metal oxide formation identified will be valuable to prepare a 
large set of NHs for nano-EHS studies. Aggregation behavior of the composites can be 
very complex in nature and cannot be predicted form the sum of the behavior of their 
component materials. The deviation of DLVO prediction from the experimental 
aggregation data calls for further investigation on direct measurement of other complex 
surface properties of the NHs upon hybridization such as surface roughness and surface 
charge heterogeneity.  
 xii 
Table of Contents 
List of Tables .........................................................................................................xv 
List of Figures ...................................................................................................... xvi 
Chapter 1:  Introduction ...........................................................................................1 
1.1 Introduction ............................................................................................1 
1.2 Objectives and Scope ................................................................................9 
1.3 Research Hypotheses ..............................................................................10 
1.4 Approach and Methodology ...................................................................10 
1.5 Organization of the Dissertation .............................................................11 
1.6 Literature Cited .......................................................................................13 
Chapter 2:  An Elegant Method for Large Scale Synthesis of Metal Oxide-Carbon 
Nanotube Nanohybrids for Nano-environmental Application and Implication 
Studies1 .........................................................................................................20 
2.1 Introduction .............................................................................................21 
2.2 Materials and Methods for Synthesis of NHs .........................................25 
2.2.1 Chemicals and Reagents .............................................................25 
2.2.2 Synthesis of MWNT-MO NHs ...................................................25 
2.3 Material Characterization........................................................................26 
2.3.1 Physical Morphology ..................................................................26 
2.3.2 Crystallinity and Chemical Composition ....................................27 
2.3.3 Thermal Gravimetric Analysis (TGA) ........................................28 
2.3.4 Size Analysis of Stable Aqueous Suspensions ...........................28 
2.3.5 Electrokinetic Properties .............................................................29 
2.4 Results and Discussions ..........................................................................29 
2.4.1 Physical Morphology ..................................................................29 
2.4.2 Crystallinity and Chemical Composition ....................................32 
2.4.3 Evidence of Chemical Hybridization ..........................................37 
2.4.4 Suspension Stability ....................................................................40 
2.4.5 Electrokinetic Properties .............................................................40 
 xiii 
2.5 Summary .................................................................................................43 
2.6 Literature Cited .......................................................................................45 
Chapter 3:  Insights into Metal Oxide and Metal Nanocrystal Formation During the 
Sol-gel Hybridization Process.......................................................................51 
3.1 Introduction .............................................................................................51 
3.2 Materials and Methods ............................................................................54 
3.2.1 Chemicals and Reagents .............................................................54 
3.2.2 Material Synthesis .......................................................................54 
3.2.3 Analysis of Crystallinity .............................................................55 
3.3 Results and Discussion ...........................................................................55 
3.3.1. Mechanism of Metal Oxide Crystal Formation .........................55 
3.3.2 Assessing the Crystallinity of the Lanthanide Series Metal Oxides
.....................................................................................................58 
3.3.3 Applicability of the Sol-gel Method for MWNT-Zero-Valent Metal 
Synthesis .....................................................................................64 
3.3.4 Effect of slow reducer on Cu2O formation in the MWNT-Cu/Cu2O 
NH ...............................................................................................68 
3.4 Summary .................................................................................................70 
3.5 Literature Cited .......................................................................................72 
Chapter 4:  Aggregation Behavior of Multiwalled Carbon Nanotube-Titanium 
Dioxide Nanohybrids: Role of Titanium Dioxide Loading ..........................76 
4.1 Introduction .............................................................................................76 
4.2 Materials and Methods ............................................................................79 
4.2.1 Synthesis of NHs.........................................................................79 
4.2.2 Preparation of TiO2 Nanocrystals and Isopropanol and Heat Treated 
MWNT (MWNT-ISP) ................................................................80 
4.2.3 Preparation of Aqueous Suspensions ..........................................80 
4.2.4 Solution Chemistry .....................................................................81 
4.2.5 Physicochemical Characterization ..............................................81 
4.2.6 Electrokinetic Properties .............................................................82 
4.2.7 Aggregation Kinetics ..................................................................82 
 xiv 
4.2.8 DLVO Modeling .........................................................................84 
4.3 Results and Discussion ...........................................................................85 
4.3.1 Morphological Properties and Chemical Composition ...............85 
4.3.2 Electrokinetic Properties .............................................................90 
4.3.3 Aggregation Behavior and Underlying Mechanisms ..................92 
4.3.5 Efficacy of DLVO Theory ..........................................................95 
4.3.6 Effect of Divalent Cation and SRHA on Aggregation................98 
4.4 Summary ...............................................................................................100 
4.5 Literature Cited .....................................................................................101 
Chapter 5:  Summary and Conclusions ................................................................106 
5.1 Summary ...............................................................................................106 
5.2 Conclusions ...........................................................................................108 
5.2.1 An Elegant Method for Large Scale Synthesis of Metal Oxide-
Carbon Nanotube Nanohybrids for Nano-environmental Application 
and Implication Studies.............................................................108 
5.2.2 Insights into Metal Oxide and Metal Nanocrystal Formation During 
the Sol-gel Hybridization Process .............................................109 
5.2.3. Aggregation Behavior of Multiwalled Carbon Nanotube-Titanium 
Dioxide Nanohybrids: Role of Titanium Dioxide Loading ......110 
5.3 Environmental Implication of the Research .........................................111 
5.4 Recommendations for Future Research ................................................113 
5.4.1 Recommendations on NH Synthesis .........................................113 
5.4.2 Recommendations on the Environmental Implication of the NHs114 
Appendices ...........................................................................................................117 
Appendix A .................................................................................................117 
Appendix B .................................................................................................126 
Appendix C .................................................................................................128 
References ............................................................................................................135 
 xv 
List of Tables 
Table 1.1: Key parameters and advantages and disadvantages of MWNT-MO 
Synthesis Processes .............................................................................4 
Table 2.1: Atomic percentages and molar ratio of carbon:metal estimated from the 
XPS spectra using CasaXPS software. .............................................37 
Table 4.1: XPS analyses of MWNTs and the NHs ...............................................89 
Table A1: Residual Mass percentages and peak oxidation temperature of oxidized 
MWNTs and the NHs, obtained from TGA ....................................118 
Table B1: Standard Electrode potential of different metal species: Reactions and 
values1 .............................................................................................127 
 xvi 
List of Figures 
Figure 2.1: Representative TEM micrographs of (a) MWNT-TiO2, (c) MWNT-ZnO, 
(e) MWNT-Er2O3, and (g) MWNT-Pr6O11. HRTEMs with lattice fringes 
of MOs are shown in the insets. Representative STEM micrographs and 
elemental mapping of (b) MWNT-TiO2, (d) MWNT-ZnO, (f) MWNT-
Er2O3, and (h) MWNT-Pr6O11. .........................................................31 
Figure 2.2: Representative XRD spectra of (a) oxidized MWNTs, (b) MWNT-TiO2, 
(c) MWNT-ZnO, (d) MWNT-Er2O3, and (e) MWNT-Pr6O11 NH. 
Numbers in parentheses indicate the lattice planes of CNT (a) and MOs 
in the respective NHs (b-e). ..............................................................33 
Figure 2.3: Representative XPS survey spectra of (a) oxidized MWNTs, (b) MWNT-
TiO2, (c) MWNT-ZnO, (d) MWNT-Er2O3, and (e) MWNT-Pr6O11 NH. 
The peak labels indicate the atomic orbitals associated with the binding 
energies at the respective peak positions. .........................................35 
Figure 2.4: TGA mass loss profiles as a function of oxidation temperature; (a) percent 
mass loss and (b) derivative mass loss. The peak oxidation temperatures 
of the oxidized MWNTs and the NHs are labeled. ...........................39 
Figure 2.5: (a) Average hydrodynamic radius and (b) electrophoretic mobility of 
MWNTs and the NHs. All measurements were carried out at pH of 
6.9±0.2 and at 25 °C. The bars indicate mean values while the error bars 
indicate standard deviations. .............................................................42 
Figure 3.1: Representative XRD spectra of MWNT-ZnO NH before (a) and after (b) 
calcination at 400 °C for 3 hours. The peak positions are labeled to 
indicate the respective crystal planes. ...............................................57 
 xvii 
Figure 3.2: XRD spectra of NH with lanthanide series MOs before and after 
calcination at 400 °C for 3 hours in air: MWNT-Er2O3 NH (a) before and 
(b) after calcination and MWNT-Pr6O11 NH (c) before and (d) after 
calcination. Both NHs were synthesized using the same sol-gel technique.
...........................................................................................................59 
Figure 3.3: Representative HRTEM micrographs (a,b) and XRD spectra (c,d) of 
lanthanide series MO nanocrystals obtained after complete oxidation of 
the NHs. (a,c) Er2O3, and (b,d) Pr6O11. MO nanocrystals were obtained by 
complete oxidation of MWNT content from their respective NHs at 600 
°C for 3 hours in air. The peak positions in the XRD spectra are labeled 
as their respective crystal planes. ......................................................61 
Figure 3.4: XRD pattern of MWNT-Er2O3 and MWNT-Pr6O11 NH synthesized using 
the sol-gel technique and calcined at 600 °C in a nitrogen environment for 
3 hours. ..............................................................................................62 
Figure 3.5: XRD spectra of MWNT-Er2O3 and MWNT-Pr6O11 NH calcined at 320 °C 
in air using the sol-gel method. All other synthesis parameters were 
unchanged. ........................................................................................63 
Figure 3.6: Representative HRTEM micrographs of (a) of CNT-Ag NH and (b) CNT-
Cu/Cu2O NH and representative XRD spectra of (c) CNT-Ag NH and (d) 
of CNT-Cu/Cu2O NH. ......................................................................65 
Figure 3.7: XRD spectrum of MWNT-Cu/Cu2O NH synthesized using the sol-gel 
process under oxygen-free conditions. Special air-tight XRD sample 
holder was used for XRD analysis of this material...........................67 
 xviii 
Figure 3.8: XRD spectrum of MWNT-Cu/Cu2O NH synthesized in aerobic conditions, 
using DMF as a solvent in place of isopropanol and keeping all other 
parameters used in the sol-gel process unchanged. XRD was also 
performed under atmospheric conditions..........................................69 
Figure 4.1: Representative HRTEM (a-c) and STEM (d-f) micrographs and elemental 
mapping (g-i); (a, d, g) NH-High, (b, e, h) NH-Mid, and (c, f, i) NH-Low. 
All images were taken at comparable magnification. .......................87 
Figure 4.2: XRD spectra for (a) oxidized MWNTs and (b-d) MWNT-TiO2 NHs, and 
(e) TiO2 obtained from oxidizing the MWNTs in the NHs. C:Ti molar 
ratio is 1:0.1 (b), 1:0.05 (c), and 1:0.033 (d), corresponding to NH-High, 
NH-Mid, and NH-Low. The anatase crystal planes are labeled on top of 
the peaks. The overlapped crystal planes of C and Ti at 2θ of 25.5 degree 
is labeled as C/Ti ...............................................................................90 
Figure 4.3: Electrophoretic mobility of NHs and the component materials at a range of 
NaCl (1 to 100 mM). Measurements were taken right after adding 
appropriate NaCl amounts in the aqueous NM suspensions. All 
experiments were performed at 25 °C at a pH of 6.9±0.2. ...............92 
Figure 4.4: Stability plots of the NHs and the components. Each point on the stability 
plots represents attachment efficiency of the respective NMs at specific 
NaCl concentration. All experiments are performed at 25 °C at a pH of 
6.9±0.2. .............................................................................................95 
 xix 
Figure 4.5: DLVO models for experimental stability plots (a) oxidized MWNTs, (b) 
NH-High (1:0.1), (c) NH-Mid (1:0.05), (d) NH-Low (1:0.033), (e) 
MWNT-ISP, and (f) TiO2 nanocrystals. The experimental stability plots 
are fitted by DLVO estimated attachment efficiencies calculated from the 
stability ration equation using Matlab software. ...............................97 
Figure 4.6: Aggregation rates of all materials at 10 mM ionic strength (10 mM NaCl 
only and 7 mM NaCl + 1 mM CaCl2) with and without SRHA (2.5 mg/L 
TOC). All experiments were performed at 25 °C at a pH 6.9±0.2. The bar 
charts indicate mean aggregation rates and the error bars represent 
standard deviation. ............................................................................99 
Figure A1: Experimental setup for NH synthesis. ..............................................119 
Figure A2: Representative (a) TEM and (b) HRTEM micrographs of oxidized 
MWNTs. .........................................................................................120 
Figure A3: Representative XRD patterns comparing oxidized MWNTs with (a) Er2O3 
nanopowder and MWNT-Er2O3; (b) Pr6O11 nanopowder and MWNT-
Pr6O11. .............................................................................................121 
Figure A4: Characteristic XPS spectra for (a) C 1s in oxidized MWNT, (b) Ti 2p in 
MWNT-TiO2 (c) Zn 2p in MWNT-ZnO, (d) Er 4d in MWNT-Er2O3, and 
(e) Pr 4d in MWNT-Pr6O11 NHs. ....................................................122 
Figure A5: Comparative XPS survey spectra of the three different batches of each of 
the four NHs: (a) MWNT-TiO2, (b) MWNT-ZnO, (c) MWNT-Er2O3, and 
(d) MWNT-Pr6O11. The peak labels perfectly align between all batches 
and are only labeled for the top spectrum to maintain clarity. ........123 
 xx 
Figure A6: Comparative derivative mass loss profiles of the three different batches of 
each of the four NHs: (a) MWNT-TiO2, (b) MWNT-ZnO, (c) MWNT-
Er2O3, and (d) MWNT-Pr6O11. Oxidation temperatures are labeled as the 
peak positions of the derivative mass loss plots. ............................124 
Figure A7: Average hydrodynamic radius of oxidized MWNTs and the NHs over time. 
All experiments were performed at pH of 6.9 and at 25 °C. ..........125 
Figure C1: Representative HRTEM micrographs of (a) MWNT and (b) TiO2 
nanocrystals.....................................................................................129 
Figure C2: Characteristic XPS spectra for (a) C 1s in oxidized MWNT and (b) Ti 2p 
in MWNT-TiO2 NH. .......................................................................130 
Figure C3: Characteristic XPS survey spectra for MWNT and MWNT-ISP .....131 
Figure C4: Characteristic XPS survey spectra for NH-High, NH-Mid, and NH-Low
.........................................................................................................132 
Figure C5: Aggregation history profile of (a) MWNTs, (b) NH-High, (c) NH-Mid, (d) 
NH-Low, (e) MWNT-ISP, and (f) TiO2 at different electrolyte 
concentrations. All experiments were performed at 6.9±0.2 pH and at 25 
°C. ...................................................................................................133 
Figure C6: Aggregation history profile of (a) MWNTs, (b) NH-High, (c) NH-Mid, (d) 
NH-Low, (e) MWNT-ISP, and (f) TiO2 at 10 mM NaCl concentration, 7 
mM NaCl + 1 mM CaCl2, and 7 mM NaCl + 1 mM CaCl2 with SRHA. 
All experiments were performed at 6.9±0.2 pH and at 25 °C.........134 
 
1 
 
Chapter 1:  Introduction 
1.1 INTRODUCTION 
Unique chemical and physical properties that arise as the material size is decreased to nano-
meter scale encouraged research and development of nanomaterials (NMs) over the past three 
decades. Since the discovery of Fullerene C60 in 1985
1, NMs have become an intrinsic part of our 
everyday life and are being used in personal care products2, electronics,3 conventional and 
renewable energy sources,4 catalyst based industrial production,5 infrastructure,6 transportation,7 
food,8 textile,9 biomedical imaging and medicine,10 environmental remediation and water 
treatment11 and so on. Commercialization of nano-enabled products is ever increasing and grosses 
more than $1trillion dollars per year worldwide. Recently, material synthesis has progressed from 
singular NMs to multicomponent nano-heterostructures, which are known as nanohybrids (NHs) 
15,16. Such a shift in materials design has taken place to extract multifunctional benefits from the 
composite materials.  
Nanohybrids (NHs) are conjugates of two or more singular nanostructures of unique 
chemical origin or are composites of nanostructures and organic macromolecules12. They can be 
categorized based on the origin of the singular materials; i.e., carbon-carbon, carbon-metal, metal-
metal, and organic molecule coated carbon/metal NHs12. MOs supported on carbon NM are one 
such composite nanomaterial that has not only been studied as a research-grade material but also 
has been incorporated into a number of applications. Carbon nanotube-TiO2, one of the most 
prominent carbonaceous-metal oxide NHs, is used as catalyst supports (for Pt catalyst) in the fuel 
cell industry. Due to an unprecedented growth in the fuel cell industry (86% increase over the past 
decade) and with an allocated Senate approved budget of $147.8M for this sector, it is anticipated 
that millions of kg of carbon nanotube supported metal oxide electrocatalysts will be in the market 
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or in use by 205013, 14. Thus, this new class of NHs is highly relevant for release and interaction in 
the environment.  
 One of the major challenges with the environmental health and safety (EHS) studies of 
NHs is synthesis of these materials for a wide range of MO loading or composition, under a 
controlled and comparable set of experimental conditions. Numerous hybridization techniques 
have been reported for producing CNT-MO NHs, which can be divided into two categories- ex 
situ and in situ. For the ex situ methods, MOs are synthesized separately prior to hybridization 
with CNTs, aided by a linker between the MOs and the CNTs. For the in situ methods, appropriate 
precursors are used to grow the MO nanocrystals on the CNT backbone. The in situ methods 
include sol-gel15-23, hydrothermal24-27, solvothermal28, chemical29 and physical30 vapor deposition, 
electrochemical31, electrodeposition32, thermal decomposition33, direct deposition34, 35, direct 
mixing36, microwave irradiation37, and atomic layer deposition32, among others. The synthesis 
conditions for these different methods vary widely; e.g., use of different chemicals to functionalize 
CNTs, use of different solvents, variations in pH, temperature, and pressure, etc. As most of these 
synthesis processes focus on the application of the NHs, the material homogeneity and 
reproducibility aspect is generally overlooked, which are of paramount importance for NH EHS 
studies. Furthermore, a common synthesis technique (that can synthesize these NHs using any 
metal species) with comparable experimental conditions across the material class needs to be 
developed to enable systematic nano-EHS studies. It is thus imperative to develop such a technique 
as well as to understand the underlying mechanisms of nanocrystal formation on nanotube surfaces 
to assess potential applicability of the developed method to synthesize a wide variety of metal/MO.  
 A wide range of MOs can be hybridized on MWNTs using a variety of different synthesis 
techniques (Table 1.1). Key synthesis conditions, i.e., solvent type, reaction time, temperature, and 
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pressure, and calcination temperature vary among the techniques. Sol-gel and hydrothermal 
synthesis processes have been reported to hybridize the most metal oxides on CNTs. These two 
synthesis processes utilize wet chemical approaches and do not require expensive and elaborate 
experimental setup as required in electrodeposition and in chemical and physical vapor deposition 
(Table 1.1). So-gel technique is also preferred due to the continuous stirring conditions during 
formation of the nanocrystals, which allow for achieving better homogeneity in terms of size and 
distribution of the formed crystals. Furthermore, this technique does not require high pressure 
during synthesis, which simplifies the process and facilitates adjustment and modification of the 
method. Due to the stated advantages of the sol-gel process, it has been chosen as the preferred 
synthesis technique in this research. 
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Table 1.1: Key parameters and advantages and disadvantages of MWNT-MO Synthesis Processes  
 
Synthesis Technique Metal oxides Synthesis Parameters Advantages Disadvantages 
Sol-gel Al2O338, CeO239, 
Co3O440, NiO41, 
RuO242, SiO243, 
SnO244, TiO245, 
ZnO46 
-Reaction temperature: room 
temperature to 140 °C 
- Reaction time: few hours to days 
-Pressure: ambient 
-pH: low to high, depending on the 
material  
-Solvents: alcohols, other water 
miscible organic solvents  
-Simple, wet chemical process 
-Continuous mixing enables 
achieving better particle 
distribution on CNT surfaces  
- MO nanocrystal size can be 
controlled 
-A range of MOs can be 
hybridized with CNTs 
-CNTs needs to be acid etched to have 
surface binding groups 
 
Hydrothermal Al2O347, CeO248, 
Cu2O49, Eu2O350, 
FexOy51, RuO252, 
SnO253, TiO254, 
ZnO55, ZrO256 
-Reaction temperature: 50 °C to 200 
°C  
-Reaction time: several hours 
-Solvents: water and organic solvents 
-Can also be used at supercritical CO2 
environment at very high pressure 
Pressure: 0.5 MPa to 9 MPa 
-Relatively simple, wet chemical 
method 
- A range of MOs can be 
hybridized with CNTs  
-Reaction takes place in a stagnant 
condition resulting in unattached MO 
crystal growth 
-Requires high pressure 
-May result in large, undesirable MO 
size 
-Not as simple and scalable as sol-gel 
process 
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Table 1.1: Key parameters and advantages and disadvantages of MWNT-MO Synthesis Processes (Cont.) 
Solvothermal TiO257, CeO258 -Similar parameters as hydrothermal 
process 
-Reaction only with organic solvents 
-Adjustable parameters for desired 
MO nanocrystal size 
 
- Reaction takes place in a stagnant 
condition resulting in unattached MO 
crystal growth  
-Not designed to be used with water as 
a solvent 
Chemical vapor 
deposition 
Al2O359, 
Co3O441, 
MnO260, NiO61, 
RuO262, SnO263, 
TiO264, ZrO265 
-MO deposition from the vapor phase  
-Reaction temperature: room 
temperature 
-Reaction time: few seconds to hours 
-Claimed to have achieved 
uniform MO coating on CNT 
surfaces 
-Works well for pristine CNTs 
-Requires expensive and elaborate 
experimental setup 
-Not ideal for aqueous suspension 
preparation 
Physical vapor 
deposition 
Al2O366, HfO230 
, MgO67, 
RuO268, SiO269, 
ZnO70 
-MOs are laser deposited or sputter 
coated 
-Claimed to have uniform MO 
coatings 
-Works well for pristine CNTs 
 
-Requires expensive and elaborate 
experimental setup 
-Not ideal for aqueous suspension 
preparation 
Direct mixing TiO2
36
 -Mechanical mixing of pre-
synthesized MO crystals and CNTs 
-Simple technique -Severe lack of uniformity and 
reproducibility 
-Co-association may be achieved, but 
not hybridization 
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Table 1.1: Key parameters and advantages and disadvantages of MWNT-MO Synthesis Processes (Cont.) 
Microwave 
irradiation 
TiO271, SnO272 -Reaction time: few seconds 
-No additional heat required other 
than heat generated from microwave 
irradiation 
-Simple technique 
-Can be energy efficient due to 
short reaction time 
-Particle size can widely vary 
depending on the microwave power 
-Lack of mixing resulting in 
compromised material uniformity 
Noncovalent 
bonding 
Al2O373, 
Eu2O374, TiO275, 
ZrO276 
-Reaction time: several minutes to 
hours 
-Reaction temperature: room 
temperature 
-Uniform MO coverage on the 
MWNT surface 
-Calcination may not be necessary 
for crystal growth 
-Surfactant or polymer addition 
necessary 
-Toxic solvents utilized to facilitate π-π 
stacking 
 Ex situ: covalent SiO277, TiO278 -MO are produced separately and then 
linked with CNTs functionalized with 
different functional groups 
-Temperature: ambient 
Reaction time: several hours 
-Calcination may not be necessary 
-Stronger bond between MWNT 
and MO nanocrystals 
 
-Linker molecules needed, which can 
create bonds with both MWNTs and 
MO nanocrystals 
-Low material yield 
Electrodeposition FexOy79, 
MnO280, 
RuO281, TiO282 
-High ionic strength 
-Constant voltage application 
necessary  
-Claimed to produce large 
quantity of material 
-Requires expensive and elaborate 
experimental setup 
-Not ideal for aqueous suspension 
preparation 
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Table 1.1: Key parameters and advantages and disadvantages of MWNT-MO Synthesis Processes (Cont.) 
Microemulsion TiO283, ZnO84 -Reaction Temperature: room 
temperature to 110 °C 
-Surfactants with aromatic groups and 
non-aqueous phase used 
-Well distributed MO crystals  -Use of surfactants (often toxic) and oil 
for emulsification 
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Assessing EHS of NMs can involve a large set of studies where fate, transport, and 
toxicity of the NMs will need to be studied systematically for different aquatic conditions. 
Self-aggregation is one of the predominant environmental processes that particles undergo 
upon release into aquatic environment, and this process also dictates subsequent fate of the 
particulates85, 86. Particle aggregation of singular nanostructures has been studied 
extensively87-92. Surface potential, responsible for electrostatic double layer repulsion and 
the intrinsic van der Waals attraction forces of NMs are considered as the most important 
nanomaterial properties that influence their aggregation behavior87-92. However, there is a 
major data gap in understanding the aggregation behavior of composite NMs. Such studies 
on composite NHs may not be necessary if the exhibited behavior of the composites can 
be predicted as the sum of the behaviors of the parts. However, upon hybridization, the NH 
surfaces not only alter its chemical identity but can also introduce complex attributes that 
are highly relevant to aggregation processes of these materials. Hybridization of a singular 
nanomaterial with a secondary nano-scale entity of unique chemical origin will alter the 
surface properties (e.g., surface potential, roughness) as well as alter van der Waals 
interaction energy93 and thus will strongly influence this dominant environmental process 
(of aggregation)94. Such changes in surface properties and a variable van der Waals 
interaction energy presented at the interface of the composite materials can be responsible 
to dismiss the linear superposition rule in predicting EHS of these composite materials.  
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1.2 OBJECTIVES AND SCOPE 
This dissertation aims to develop a simple, common synthesis technique for 
hybridizing a wide range of metal oxide (MO) nanocrystals with multiwalled carbon 
nanotubes (MWNTs) by modifying a sol-gel NH synthesis process, propose dominant 
mechanism of crystal formation on MWNT surfaces (thus enumerate the utility of the 
developed method), and finally assess aggregation behavior of an already commercialized 
NH, namely, MWNT-TiO2, as a function of TiO2 hybridization (% loading) on MWNT 
surfaces.  
In this dissertation, a modified sol-gel synthesis technique has been utilized to 
hybridize MWNTs with TiO2, ZnO, Er2O3, and Pr2O3. Possible hybridization 
mechanism(s) describing formation of the nanocrystals has also been proposed. The role 
of standard electrode potential of the metal species on formation of metal vs. metal oxide 
nanocrystals under comparable synthesis conditions has also been evaluated. Finally, a set 
of MWNT-TiO2 NHs with a wide range of TiO2 loading (C to Ti molar ratio of 1:0.1, 1:0.05 
and 1:0.033) onto the MWNTs has been synthesized and characterized.  
 It is to be noted that the modification of the sol-gel technique and experimental 
setup was first prepared, which were followed by subsequent environmental implications 
research reported in this dissertation and an environmental application research reported 
elsewhere95. The synthesis and characterization of the materials reported herein were 
performed with an objective of understanding mechanisms of crystal formation and 
assessing aggregation behavior of these complex heterostructures. The parallel dissertation 
work utilized the modified sol-gel method developed within the scope of this dissertation 
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and prepared a set of MWNT-Er2O3 NHs with an objective of exploring MWNTs’ ability 
to harness microwave radiation and Er2O3’s spectral conversion capacity to inactivate 
waterborne pathogens95.  
1.3 RESEARCH HYPOTHESES 
Hypothesis 1: Sol-gel synthesis process can be modified to synthesize a wide range 
of MWNT-MO NHs with comparable physicochemical properties; i.e., size, surface 
charge, and MO crystallinity.  
Hypothesis 2: Metal or metal oxide nano-crystal formation on MWNT surfaces 
(utilizing a sol-gel method) will be a function of the standard electrode potential of the 
metal species.  
Hypothesis 3: The aggregation propensity of the MWNT-TiO2 NHs will decrease 
with decreasing TiO2 nanocrystal content in the NH and aggregation behavior of the 
components may not capture the aggregation of the composite NH.  
1.4 APPROACH AND METHODOLOGY 
The proposed research is accomplished by completing of the following tasks.  
Task 1: Synthesis and characterization of MWNT-MO NHs for a wide range of metal 
species. 
Task 2: Mechanistic assessment of MO crystal formation on MWNT surfaces and 
evaluation of the role of standard electrode potential in metal vs. metal oxide growth during 
the sol-gel synthesis.  
Task 3: Assessment of aggregation behavior of MWNT-TiO2 NHs and its components as 
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a function of TiO2 loading. 
1.5 ORGANIZATION OF THE DISSERTATION  
The dissertation is organized in five chapters and three appendices. Chapter 1 
presents the introduction to this dissertation with problem statement and significance, 
research objectives, hypotheses, and approach and methodology. The experimental details 
and results are compiled in chapters 2, 3, and 4. These chapters are either published 
(Chapter 2) or are being prepared for publication (Chapters 3 and 4) in peer-reviewed 
journals. Chapter 5 presents the summary of key findings and includes recommendations 
for future work. 
 Chapter 2 presents the details of the synthesis technique and results on materials 
characterization for the synthesized MWNT-MO NHs. NHs synthesized using this method 
include MWNT-TiO2, MWNT-ZnO, MWNT-Er2O3, and MWNT-Pr6O11, which have been 
characterized with a suite of characterization tools to evaluate the physical morphology, 
crystallinity, chemical composition, chemical bonding between the MO and the MWNT 
surface, and reproducibility of the synthesis technique. This work was led by the candidate 
and co-authored by Jaime Plazas Tuttle, Indu Venu Sabaraya, Sneha S. Jain, Tara Sabo-
Attwood, and Navid B. Saleh and appears as a peer-reviewed article in Environmental 
Science: Nano (January 2017) with the title: "An Elegant Method for Large Scale Synthesis 
of Metal Oxide-Carbon Nanotube Nanohybrids for Nano-environmental Application and 
Implication Studies"88. 
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 Chapter 3 presents experimental results and discussion to enumerate the crystal 
formation mechanism (with X-ray characterization) for the metal oxides synthesized in 
Chapter 2. To assess the applicability of sol-gel method for hybridizing metal vs. metal 
oxides with MWNTs, two other metal species, Cu and Ag were chosen. Formation of metal 
crystals (not metal oxides) with these metals partially validated hypothesis 2. This work 
was led by the candidate and is now in preparation for publication with the following 
proposed title: " Insights on Metal Oxide and Metal Nanocrystal Formation During the Sol-
gel Hybridization Process". 
 Chapter 4 presents results on aggregation behavior of MWNT-TiO2 NHs with three 
different TiO2 loadings. Aggregation study was performed with dynamic light scattering 
(DLS) for the NHs and the component materials in a wide range of chemical conditions. 
This work was led by the candidate and is currently in preparation for publication with the 
following proposed title: "Aggregation behavior of multiwalled carbon nanotube-titanium 
dioxide nanohybrids: Role of titanium dioxide loading". 
 The final chapter (Chapter 5) presents the summary, conclusions, environmental 
implications, and future recommendations relevant to the synthesis of MWNT-MO NHs 
and their EHS studies.  
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Chapter 2:  An Elegant Method for Large Scale Synthesis of Metal 
Oxide-Carbon Nanotube Nanohybrids for Nano-environmental 
Application and Implication Studies1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Das, D.; Plazas-Tuttle, J.; Sabaraya, I. V.; Jain, S. S.; Sabo-Attwood, T.; Saleh, N. B., An 
elegant method for large scale synthesis of metal oxide-carbon nanotube nanohybrids for 
nano-environmental application and implication studies. Environmental Science: Nano 
2017, 4, (1), 60-68.  
Note: All the experiments for this article have been either performed or supervised by 
Dipesh Das.  
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2.1 INTRODUCTION 
 
Materials engineering has moved on from passive nanostructures to hierarchical 
nanohybrids1, 2 (NHs) in quest of achieving multifunctionality and improved efficiency. 
One of the major classes of such complex heterostructures is carbon nanotube-metal oxide 
(CNT-MO) NHs. These heterostructures have shown improved performance compared to 
their component materials when integrated as electro- and photo-catalysts3, and into 
electronics4, gas sensing5, biosensing6, and laser technology7. With such a wide range of 
application possibilities, commercialization of these heterostructures is on the rise, 
especially with an incredible growth in the fuel cell industry in recent years8. CNT-MOs, 
such as CNT-TiO2 and CNT-ZnO are mostly used as anodes as well as catalyst supports in 
fuel cells and are likely to result in environmental release during the end of life processing 
for resource recovery (e.g., Pt recovery)9. Once released into the environment, the 
environmental health and safety (EHS) of these multicomponent heterostructures with 
emergent properties will likely differ from those of their component materials, resulting in 
new unpredictable environmental risks2, 10-12. To determine if linear superposition of the 
environmental behavior of the components will adequately capture the heterostructure 
EHS, gaining control over the synthesis process from their component materials becomes 
necessary. 
Electronic band engineering of MO nanocrystals allows their efficient use in 
microelectronic circuits, sensors, piezoelectric devices, fuel cells, and as corrosion resistant 
coating and catalysts13. With recent advances in nanotechnology and a constant need for 
improvement in the energy sector, researchers have emphasized hybridizing MOs with a 
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secondary element or nanostructure in order to achieve synergistic advantages14. CNTs 
with unique mechanical, thermal, physicochemical, and optoelectronic properties have 
been used as a nano-scale support for the MOs14. The ballistic electron conductivity and 
high surface area of the CNTs also enhance the catalytic and optoelectronic efficiency of 
the  MOs upon hybridization15. We posit that these advantageous NHs with novel 
properties will manifest new and unknown environmental risks. 
Multiwalled carbon nanotubes (MWNTs) and several MO nanocrystals have 
displayed toxicity when introduced to a wide range of microorganisms and aquatic 
species16-18. MWNTs have been reported to generate reactive oxygen species (ROS), 
exhibit physical perturbation to cell walls21, and even compromise membrane integrity19, 
20. Nano ZnO and TiO2 are example nano-MOs that have shown antimicrobial properties 
by ROS generation21. ZnO NPs have also demonstrated dissolution mediated toxicity22. 
The toxicological manifestation of the nano-MOs is not only a function of the chemical 
composition and band architecture of the materials23 but also is strongly dependent on their 
size,24 shape and morphology,25 surface chemistry,26 and crystallinity.27 As hybridization 
or chemical attachment of MO nanocrystals to CNT surfaces develops novel 
heterostructures following is the critical question for the nano-EHS community: will the 
hybrid CNT-MO attain new properties and exhibit environmental behavior unique to its 
components? The answer likely lies in potentially emergent material characteristics of 
these NHs. 
Hybridization of CNTs with nano-MOs has been known to modulate their 
physicochemical properties1, 2. For example, the photocatalytic activity of TiO2 (visible 
 23 
photoactivation) enhances when TiO2 is hybridized onto CNTs; lowering of the band gap 
is known to be behind such enhancement28. CNTs hybridized with ZnO show enhanced 
photocatalytic activity than that of CNTs and ZnO, separately (when UV irradiated)29. 
Hybridization is also known to alter van der Waals interaction energy30, likely resulting in 
unknown interaction of the NHs with environmental interfaces (i.e., aggregation and 
deposition in porous media). Determination of property changes in a systematic way from 
components to nano-heterostructures is key to better predict the EHS of the NHs, where 
controlled synthesis in a large enough quantity becomes essential.  
Several methods have been employed to synthesize CNT-MO NHs including sol-
gel3, 31-38, hydrothermal39-42, solvothermal43, thermal decomposition44, direct deposition45, 
46, direct mixing47, microwave irradiation48, and atomic layer deposition49, among others. 
Some of these techniques are fairly simple and can be used to achieve on-demand MO 
composition and loading. However, a simple technique, where varying reagent 
composition and/or amount yields a large amount of hybrid materials with on-demand 
hybrid composition, is yet to be developed. Such a technique will not only strengthen the 
synthesis capability by widening the heterostructure chemical composition space but will 
also facilitate performing comparable EHS studies on a large set of CNT-MOs.   
The objective of this study is to develop an elegant method to synthesize CNT-MOs 
in large quantities (100s of mg), where MOs of different chemical composition can be 
conjugated with the MWNTs by merely changing the precursor type. In order to do so, an 
already published sol-gel synthesis process8 to hybridize MWNT-TiO2 NH has been 
modified to grow MO nanocrystals of two transitional metals (Ti and Zn) and two 
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Lanthanide series metals (Er and Pr) in situ onto acid-etched MWNTs. The oxides of Ti 
and Zn are chosen for their excellent antimicrobial and catalytic properties50, while those 
of the Er and Pr for their superior optical properties.51 Precursors with relevant chemical 
composition are utilized to form these MO nanocrystals. Physical morphology and 
elemental distribution of these NHs are characterized by employing electron microscopy 
techniques. To identify if the grown MOs on MWNT surfaces are crystalline, X-ray 
diffraction (XRD) is performed. To ensure that reproducibility has been achieved between 
batches, X-ray photoelectron spectroscopy (XPS) is used to determine the material 
composition. One of the key questions in hybridization is whether these MO nanocrystals 
are chemically bound to the MWNTs or are physically associated to the tubules. Peak 
oxidation temperature, which is a strong function of the MWNT chemical bond structure, 
is determined with thermal gravimetric analysis (TGA). Furthermore, a synthesized NP is 
only useful for environmental studies if it possesses appreciable colloidal stability in water. 
A common suspension technique has been employed for all the NHs and their stability is 
determined with dynamic light scattering (DLS). The elegance of this synthesis technique 
lies in the simplicity of changing MO type by merely changing the precursor composition 
as well as in the large yield of the synthesized materials. Such large material yield is 
essential to perform detailed nano-EHS studies of any synthesized NP.  
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2.2 MATERIALS AND METHODS FOR SYNTHESIS OF NHS  
2.2.1 Chemicals and Reagents 
Pristine MWNTs (O.D. 8-15 nm) were procured from Cheap Tubes Inc. 
(Brattleboro, VT). Concentrated nitric acid, sulfuric acid, titanium (IV) isopropoxide 
(TTIP), erbium (III) nitrate pentahydrate, and praseodymium (III) nitrate hexahydrate were 
purchased from Sigma Aldrich (St. Louis, MO). Isopropanol was obtained from Fisher 
Scientific (Pittsburgh, PA) while zinc (II) nitrate hexahydrate was purchased from J.T 
Baker (Center Valley, PA). For preparing all aqueous suspensions and solutions, 18.2 mΩ 
(Milli-Q) water was used unless otherwise stated.  
2.2.2 Synthesis of MWNT-MO NHs 
MWNTs (1 g) were acid-etched by ultrasonication (Qsonica LLC, Newtown, CT) 
in 300 mL of concentrated nitric and sulfuric acid mixture (1:1 volume basis). Upon 
sonication, the mixture was refluxed at 100 °C for 3 h under continuous stirring. The 
oxidized MWNTs were subsequently filtered until the pH of the filtrate reached >5.5 and 
then were dried for 48 h in a desiccator. Once dried, 50 mg of the oxidized MWNTs were 
re-suspended in 100 mL isopropanol with an ultrasonic dismembrator (Qsonica, Newtown, 
CT) and transferred into a round bottom flask. Appropriate amount of precursors (10:1 
carbon to precursor molar ratio for MWNT-TiO2 and MWNT-ZnO and 16:1 carbon to 
carbon to precursor molar ratio for MWNT-Er2O3 and MWNT-Pr6O11 synthesis) were 
added to 10 mL of isopropanol and introduced dropwise to the MWNT-isopropanol 
suspension at 0.301 mL/min with a peristaltic pump (Ismatec, Wertheim, Germany). The 
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slow rate of precursor addition was maintained to provide sufficient mixing time. The 
entire suspension was refluxed at 80 °C for 3 h in a nitrogen environment. For MWNT-
TiO2 NH, 5 mL of water was added dropwise into the reaction vessel to promote TiO2 
crystal formation on the MWNT backbone via a hydrolysis process over 1 h. Hydrolysis 
was necessary for the MWNT-TiO2 NH only; the precursors used for the other NHs were 
already in hydrated form. Afterwards, the refluxed mixture was washed 4 times with 
isopropanol (as a purification step), which removed any unreacted reagent. Finally, 
isopropanol was evaporated, the dry materials were powdered using a mortar and pestle, 
and the resultant materials were calcined at 400 °C for 3 h under nitrogen to facilitate 
crystal formation. Synthesis of all four NHs was triplicated using the same method to 
ensure reproducibility. The synthesis setup is shown in Figure A1.  
2.3 MATERIAL CHARACTERIZATION 
2.3.1 Physical Morphology 
The physical morphology of the NMs was determined using a JEOL 2010F high 
resolution transmission electron microscopy (HRTEM, JEOL, Japan) equipped with 
energy dispersive spectroscopy (EDS). Electron micrographs were obtained at an 
acceleration voltage of 200 kV. High annular angle dark field scanning transmission 
electron microscopy (STEM) images were obtained with the same equipment, where EDS 
was employed to obtain elemental mapping for the NHs. The details of the HRTEM and 
EDS methodology are described elsewhere52-58. In brief, drops of aqueous dispersions of 
NHs were placed on lacey carbon coated copper TEM grids (SPI Supplies, West Chester, 
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PA) and air-dried over a few minutes. Several micrographs were taken to obtain 
representative images.  
2.3.2 Crystallinity and Chemical Composition 
The crystallinity of the MO on the NH surfaces was evaluated with an XRD. A 600 
W Rigaku MiniFlex 600 (Rigaku, Japan) with a Cu-Kα irradiator (0.154 nm wavelength) 
and a graphite monochromator was used at a step width of 0.02° (between 2θ values of 20° 
to 60°) and a scanning rate of 2°/min. To eliminate extensive noise for the MWNT-Pr2O3 
NH XRD spectra, a step width of 0.5° was used. The scattering was detected using a 
scintillation counter.  
To determine the elemental composition of the dry MWNT and NH samples, a 
Kratos X-ray Photoelectron Spectrometer-Axis Ultra DLD, equipped with a 
monochromated Al Kα X-ray source (1.486 KeV) and a concentric hemispherical analyzer 
was employed. A thin layer of powdered sample was placed on a double-sided copper taped 
stainless steel bar. The bar was then placed in the analysis chamber and degassed for at 
least 3 h. The X-ray photoelectron spectroscopy (XPS) analysis was then performed to 
obtain the survey spectra as well as the spatial high-resolution spectra and the data was 
analyzed by fitting the high-resolution element specific peaks with CasaXPS (Casa 
Software Ltd., Japan). To ensure reproducibility and overall homogeneity, a total of 9 
samples for each material (MWNT and four NHs) were analyzed (3 samples each in 
triplicate batches for all NHs).  
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2.3.3 Thermal Gravimetric Analysis (TGA) 
TGA and differential thermogravimetric analysis (DTG) were performed by a 
Mettler Thermogravimetric Analyzer TGA/DSC 1 (Mettler Toledo, Columbus, OH). A dry 
NH or MWNT mass of 3-5 mg was placed in an alumina crucible and heated at 10 °C/min 
ramp up to 800 °C in presence of air (flow rate 50 mL/min). The TGA data was analysed 
to determine percent mass loss and peak oxidation temperature59. Mass of the grown MOs 
on the MWNT surfaces were determined from the residual mass at the completion of the 
oxidation reaction. TGA and DTG analysis were performed in triplicates for each of the 
NHs to ensure reproducibility in synthesized composition.  
2.3.4 Size Analysis of Stable Aqueous Suspensions 
To prepare an aqueous suspension of the NHs, 2.5 mg of the samples were added 
to 50 mL of Milli-Q water and sonicated with the ultrasonic dismembrator for 30 min (2 
min pulse with a 24 s pause). The suspension was further diluted to 10 mg/L and sonicated 
for an additional 15 min to achieve a stable suspension. This stable suspension was diluted 
to 2 mg/L for size measurement with DLS. The sizes of the suspended colloids were 
measured with a highly sensitive ALV/CGS-3 compact goniometer system (ALV-Laser 
GmbH, Langen/Hessen, Germany), equipped with a 22 mW HeNe 632.8 nm laser and a 
high QE APD detector with photomultipliers of 1:25 sensitivity. The experimental details 
of size measurement have been described elsewhere53, 55, 57, 58, 60, 61. In brief, 2 mL of the 2 
mg/L of suspensions were injected into pre-cleaned borosilicate glass vials53, 55, 57, 58, 60, 61 
and inserted into the toluene-filled goniometer sample housing. The scattered laser was 
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collected every 15 s for at least 25 min at 90°. A cumulant fit was used to analyze the 
collected data and the average hydrodynamic radii (HDR) were obtained for every 15 s 
segment during the entire duration of the experiments. 
2.3.5 Electrokinetic Properties 
The electrophoretic mobility (EPM) of the aqueous suspensions was measured with 
a Malvern Zetasizer (Malvern Instruments Ltd., Worcestershire, UK) at 20 °C to assess the 
electrokinetic properties. For each measurement, 900 µL of the aqueous suspension of the 
samples was introduced into a disposable capillary cell (DTS 1070). Five independent cells 
were used for the oxidized MWNTs and the four NH samples to avoid cross contamination. 
Measurements were performed in triplicates following a well-established protocol52-58.   
2.4 RESULTS AND DISCUSSIONS 
2.4.1 Physical Morphology 
Representative TEM (Figure A2) micrographs of the MWNTs show that the tubes 
are mostly debundled with an average shell thickness of 21.3±2.6 nm. The HRTEM images 
illustrate presence of catalyst-metal free MWNTs. TEM and STEM micrographs with 
elemental mapping of the NHs (Figure 2.1) confirm the presence of the metal atoms (Ti, 
Zn, Er and Pr), which are distributed throughout the MWNT backbone. These micrographs 
and the elemental mapping of the MWNT-TiO2 NH suggest that TiO2 nanocrystals 
(HRTEMs show lattice fringes) have successfully been grown throughout the MWNT 
surfaces. Similarly, TEMs of the other NHs (i.e., MWNT-ZnO, MWNT-Er2O3, and 
MWNT-Pr6O11) exhibit distinct nanocrystalline MO features on the MWNTs. It is also to 
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be noted that though most of MONPs are observed to be at the exterior of the MWNTs, 
some of the nanocrystals might have been encapsulated within the tube interior. Further 
experimentation is necessary to determine and analyze the encapsulation ratio. It was also 
observed that the spatial distribution of the MOs was not uniform throughout the MWNT 
surfaces for all NHs. This most likely has occurred due to a lack of homogeneity in 
distribution of the oxygen-containing surface binding sites on the MWNT backbone at the 
first place. Presence of lattice fringes, as observed in the HRTEMs, confirms crystalline 
growth of TiO2, ZnO, Er2O3, and Pr6O11.  
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Figure 2.1: Representative TEM micrographs of (a) MWNT-TiO2, (c) MWNT-ZnO, (e) 
MWNT-Er2O3, and (g) MWNT-Pr6O11. HRTEMs with lattice fringes of MOs 
are shown in the insets. Representative STEM micrographs and elemental 
mapping of (b) MWNT-TiO2, (d) MWNT-ZnO, (f) MWNT-Er2O3, and (h) 
MWNT-Pr6O11. 
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2.4.2 Crystallinity and Chemical Composition 
The XRD patterns of the MWNTs and the NHs are presented in Figure 2.2. The 
lattice planes corresponding to the grown MO nanocrystals possess signature XRD peaks 
and are in excellent agreement with previously reported XRD patterns of oxidized 
MWNT62, MWNT-TiO2
62 and MWNT-ZnO NHs29. Since there are no literature report on 
XRD patterns of MWNT-Er2O3 and MWNT-Pr6O11 NHs, spectral patterns for these 
materials were compared to those of Er2O3
63
 and Pr6O11
64
 nanocrystals (Figure A3).  
MWNTs and the NHs display strong graphitic carbon peak at 25.7º. The MWNT-
TiO2 NHs exhibited a major peak for the lattice plane (101), typical to anatase crystalline 
phase. Although weaker, the peak occurrences at 37.5º, 48º, and 55.5º correspond to (004), 
(200), (211), crystalline planes, respectively62, which further confirm dominance of anatase 
phase in the grown TiO2. MWNT-ZnO NHs show strong peaks corresponding to (100), 
(002), (101), (102), and (110) planes, which are consistent with ZnO nanocrystal 
structure29. The XRD spectrum of MWNT-Er2O3 NH (Figure 2.2 and A3 a) and the 
MWNT-Pr6O11 NH (Figure 2.2 and A3 b) indicates that MOs in both these hybrids have 
amorphous content. However, both NHs also demonstrate crystalline peaks which match 
certain MO crystalline planes when compared to Er2O3 and Pr6O11 nanocrystals. For the 
MWNT-Er2O3 NH, the crystalline planes match with Er2O3 were (222), (400), (431), (440), 
and (622)63. For the MWNT-Pr6O11 NHs, lattice planes of (111), (200), and (220) have 
been identified64. Further insight on the amorphous nature content of the MOs in MWNT-
Er2O3 and MWNT-Pr6O11 NHs have been provided in chapter 2. 
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Figure 2.2: Representative XRD spectra of (a) oxidized MWNTs, (b) MWNT-TiO2, (c) 
MWNT-ZnO, (d) MWNT-Er2O3, and (e) MWNT-Pr6O11 NH. Numbers in 
parentheses indicate the lattice planes of CNT (a) and MOs in the respective 
NHs (b-e).  
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 The chemical composition of the NHs has been further analyzed with XPS. Figure 
A4 presents the XPS spectra for C 1s in the oxidized MWNTs. The peak positions of the 
deconvoluted spectrum indicate presence of multiple oxygen containing moieties on the 
MWNT surfaces, which is in agreement with previously reported XPS data on acid-treated 
MWNTs65. Percent oxidation of the MWNTs was determined to be 10.8±1.5%. Survey 
spectra of the oxidized MWNTs (Figure 2.3) show that these are free from any catalyst 
metal, while, those of the NHs (Figure 2.3) confirm presence of the respective metals with 
no traces of other metal impurities. XPS peaks, corresponding to different orbitals of the 
metal atoms as well as the Auger peaks, have been identified (Figure 2.3) from CasaXPS 
library and the National Institute of Standards and Technology X-ray photoelectron 
spectroscopy database66. High-resolution XPS spectra of the metal atoms in all the NHs 
have been shown in Figure A4. The MWNT-TiO2 NH show peaks at 458.3 and 464.3 eV, 
which are characteristic to Ti 2p3/2 and Ti 2p1/2 on anatase phase TiO2
67
. For the other 
NHs, characteristic ZnO peak for Zn 2p3/2 at 1022.3 eV29 , Er2O3 peak for Er 4d at 168.8 
eV66, and Pr6O11 peak for Pr 3d at 933.3 eV
66 have been located on MWNT-ZnO, MWNT-
Er2O3 and MWNT-Pr6O11, respectively. The deconvoluted spectrum for Pr3d (Figure A4 
e) confirms presence of multiple oxidation states (i.e., III and IV) of Pr64. 
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Figure 2.3: Representative XPS survey spectra of (a) oxidized MWNTs, (b) MWNT-TiO2, 
(c) MWNT-ZnO, (d) MWNT-Er2O3, and (e) MWNT-Pr6O11 NH. The peak 
labels indicate the atomic orbitals associated with the binding energies at the 
respective peak positions.  
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Table 2.1 presents the carbon and metal percentages on the NHs. The %MOs have 
been calculated using the %metal values and metal equivalence (i.e., 1 eq. of Ti on TiO2, 
1 eq. of Zn in ZnO, 2 eq. of Er in Er2O3, and 6 eq. of Pr in Pr6O11). Table 1 shows that 
MWNT-TiO2 NHs contain maximum MO percentage (~8.5%), while MWNT-Pr6O11 NHs 
have the lowest (~0.7%) among all NH types. The XPS results show ~6.2% molar ratio of 
zinc in the MWNT-ZnO NHs. This value appears to be lower than that of the MWNT-TiO2 
NHs (~8.5%), though similar molar ratio of carbon to precursor (10:1) was used for both 
the NHs. Similarly, the metal content in MWNT-Pr6O11 and MWNT-Er2O3 are similar 
between each other (~4.7% for MWNT-Er2O3 and ~4.2% for MWNT-Pr6O11) but vary with 
other NHs, in spite of using a carbon to precursor molar ratio (16:1) for synthesizing these 
lanthanide oxide NHs. It is to be noted that XPS is a highly surface sensitive method with 
a maximum X-ray penetration depth of 10 nm. This might have caused the observed 
differences in the metal content for the NHs with similar carbon to precursor molar ratio. 
The highlight of the XPS results is the low standard deviation (<10%) of the mean values 
for all the NHs, which confirms achieving reproducibility between different batches of the 
synthesized NHs. Figure A5 further demonstrates the reproducibility of different NHs 
among triplicates for each of the materials.  
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Table 2.1: Atomic percentages and molar ratio of carbon:metal estimated from the XPS 
spectra using CasaXPS software. 
2.4.3 Evidence of Chemical Hybridization 
Thermal oxidation of materials, i.e., TGA (Figure 2.4 and Table A1) assesses 
nature of hybridization by providing insight into the oxidation of carbonaceous 
materials68. The peak oxidation temperature for MWNTs has been determined as 
635.4±0.6 °C by plotting the rate of mass loss over the temperature range. Oxidation 
temperatures for the NHs show a significant leftward shift for all NHs, when compared to 
the oxidized MWNTs; i.e., the peak oxidation temperatures are 74.9, 48.3, 161.4 and 197.9 
°C lower for TiO2-MWNT, ZnO-MWNT, Er2O3-MWNT, and Pr2O3-MWNT, 
respectively. Lowering in the peak oxidation temperature for hybridized CNTs has been 
reported earlier, where MOs were found to have caused enhancement in oxidation 
reaction68, 69. The change in the oxidation temperature is also reported to vary based on 
the degree of MO crystallinity and concentration of defects on the MWNT surfaces68. 
The residual mass for the oxidized MWNTs is determined to be 1.4±0.2%, which 
can be attributed to any metal impurities in the oxidized MWNTs. However, the other 
characterization techniques (i.e., TEM, HRTEM, XRD, and XPS) did not find any trace 
impurities in the oxidized MWNTs. Other likely sources of the residual mass are possible 
incomplete combustion of MWNTs or measurement sensitivity issues. The residual mass 
Sample %C %Metal %Metal Oxide in the NHs 
MWNT-TiO2 63.9±0.7 8.5±0.6 ~8.5 
MWNT-ZnO 78.5±1.0 6.2±0.5 ~6.2 
MWNT-Er2O3 81.4±0.9 4.7±0.4 ~2.35 
MWNT-Pr6O11 79.5±1.2 4.2±0.4 ~0.7 
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for the MWNT-TiO2 NHs and MWNT-ZnO NHs is ~40.3% and ~46.1%, respectively 
while those for the MWNT-Er2O3 and MWNT-Pr6O11 is found to be ~47.3% and 51.8%, 
respectively. The maximum difference in the aforementioned residual masses among the 
NHs is (~11.5%). This difference can be lowered by changing the carbon to precursor ratio 
at the beginning of the synthesis process. It is important to note that differences in 
determined MO mass using TGA and XPS cannot be equated; since the former is a mass-
based bulk technique while the latter is a surface technique. However, similar to the XPS 
results, the low standard deviation for the percent mass loss (Table A1) and similar 
oxidation temperatures among triplicates for each of the NHs (Figure A6) further highlight 
the reproducibility between synthesized batches. 
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Figure 2.4: TGA mass loss profiles as a function of oxidation temperature; (a) percent 
mass loss and (b) derivative mass loss. The peak oxidation temperatures of 
the oxidized MWNTs and the NHs are labeled.   
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2.4.4 Suspension Stability 
The oxidized MWNTs and the NHs can be suspended in water with high degree of 
stability as (Figure A7). The hydrodynamic radius (HDR) of the oxidized MWNT clusters 
is determined to be 75±2.4 nm (Figure 2.5 a), which increases upon hybridization; i.e. 
101±2, 128±8, 185±11, and 150±17, for MWNT-TiO2, MWNT-ZnO, MWNT-Er2O3 and 
MWNT-Pr6O11, respectively (Figure 2.5 a). The higher HDR of the NHs is likely due to 
altered physical properties of the MWNTs, which has influenced the packing of the 
clusters. No significant settling of the aqueous suspensions of oxidized MWNTs and the 
MWNT-TiO2 NHs has been observed for more than 30 d at a concentration of 10 mg/L; 
while the other NHs (i.e., MWNT-ZnO, MWNT-Er2O3 and MWNT-Pr6O11) at the same 
concentration started to settle after 48 h from the time of suspension preparation. The 
difference is likely caused by variation in van der Waals attractive interaction among ZnO, 
Er2O3 and Pr6O11 nanocrystals or due to altered electrokinetic behavior. To achieve higher 
colloidal stability of the MWNT-ZnO, MWNT-Er2O3 and MWNT-Pr6O11 NHs, surface 
functionalization (with polymers/surfactants) may be applied70, 71. 
2.4.5 Electrokinetic Properties 
Oxidized MWNTs as well as all the NHs (Figure 2.5 b) exhibit negative surface 
potential. The EPM values are found to be -3.15±0.1, -2.94±0.3, -2.27±0.3 -2.24±0.1, and 
-2.33±0.2 m2V−1S−1 for oxidized MWNT, MWNT-TiO2 NHs, MWNT-ZnO NHs, MWNT-
Er2O3 NHs, and MWNT-Pr6O11 NHs, respectively. The measured EPM values of the 
MWNTs agree with previously reported EPMs for oxidized MWNTs (-3.5 to -2.4 m2 V−1 
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S−1 with high and low oxygen content, respectively at low ionic strength)72, which likely 
originated from the oxygen containing moieties on the MWNT surfaces via acid-etching72-
74. Other carbon allotropes such as single-walled carbon nanotubes (-2.8 m2 V−1 S−1 to -
1.25 m2 V−1 S−1)55, 75, 76 and graphene77, 78 have shown similar surface potential upon 
oxidation. The EPM values of the MWNT-ZnO, MWNT-Er2O3, and MWNT-Pr6O11 NHs 
are significantly lower than those of the oxidized MWNTs and the MWNT-TiO2 NHs. 
Hence the relative instability of the MWNT-ZnO, MWNT-Er2O3, and MWNT-Pr6O11 
NHs, as discussed earlier, may have been dominated by electrokinetics of these materials. 
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Figure 2.5: (a) Average hydrodynamic radius and (b) electrophoretic mobility of MWNTs 
and the NHs. All measurements were carried out at pH of 6.9±0.2 and at 25 
°C. The bars indicate mean values while the error bars indicate standard 
deviations. 
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2.5 SUMMARY 
A large-scale, elegant, and facile synthesis process has been developed by 
modifying a wet-chemical based sol-gel hybridization process in order to synthesize four 
CNT-MO NHs. The novelty of this study lies in this synthesis technique being a singular 
standardized method synthesizing carbonaceous-metallic nanohybrids with a wide range 
of MOs including new nanohybrids that involves lanthanide series metals; and that this 
method has allowed for synthesizing at least 100s of mg of nanohybrids in a single 
synthesis cycle while achieving high degree of reproducibility. The synthesized NHs were 
characterized to identify their physical morphology, crystallinity, chemical composition as 
well as to demonstrate proper hybridization and reproducibility of the NHs. The 
characterization results demonstrate successful preparation of CNT-MO NHs with a wide 
range of MO composition, which are highly reproducible between batches. One of the 
limitations of this method is in limited homogeneity in the spatial distribution of the 
MONPs on the MWNT surfaces. However, it is important to note that these NHs will 
interact with other environmental entities as a cluster rather than as individual tubules. 
Hence, the overall homogeneity in MO distribution may not play a significant role in their 
manifested EHS. The strength of this synthesis technique lies in large material yield with 
high reproducibility between synthesized batches. The simplicity in tuning MO 
composition by merely changing the reagent type widens the materials choice, which can 
be extremely useful to perform nano-EHS studies on carbon-metal oxide heterostructures. 
This study also concludes that although the synthesis process produced multiple MWNT-
MO NHs with high degree of overall homogeneity and reproducibility, other parameters, 
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i.e., particle sizes, surface charge, and degree of crystallinity, showed variation between 
the NHs.  
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Chapter 3:  Insights into Metal Oxide and Metal Nanocrystal Formation 
During the Sol-gel Hybridization Process 
 
3.1 INTRODUCTION 
 The aim of this chapter is to gain insight into the metal oxide crystal formation (i.e., 
process and degree of crystallinity) and also to assess applicability of the sol-gel technique 
(developed in Chapter 2) for hybridizing multiwalled carbon nanotubes (MWNTs) with 
oxides and zero-valent crystals of a wide range of metal species. The insights gained herein 
will allow for achieving better control over crystal growth and will facilitate the use of the 
developed sol-gel method to synthesize nanohybrids (NHs) with metal or metal oxide of 
choice.  
When preparing metallic NMs, achieving crystalline order (of the synthesized 
materials) is essential to extract the desired optical, electronic, and chemical properties1. 
Synthesis methods and operating conditions (e.g., temperature2, reducing agent3) are 
adjusted to prepare metal nanocrystals with ordered crystallinity2 and desired redox state 
of the metal species4. Calcination of MO nanoparticles at elevated temperature can 
facilitate preparing ordered structures; however, the feasibility of applying such high 
temperature can be limited when carbon nanotubes are involved in the mix. MWNTs are 
known to oxidize completely in air when heated up to 500 °C or higher5, 6. Hybridization 
with metallic nanocrystals can facilitate MWNT oxidation and lower the MWNT oxidation 
temperature via chemical modification of the MWNT surface6. Hence, required 
temperature for desired crystallinity in specific metallic nanocrystals might not be achieved 
for the in situ sol-gel synthesis process. 
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Applicability of the sol-gel synthesis process for hybridizing zero-valent metals 
with MWNTs will depend on the synthesis conditions as the metal ions would need to be 
reduced to form zero-valent metals. Formation of zero-valent nanocrystals can be achieved 
by addition of strong reducing agents (e.g., sodium borohydride) 3, 7. Addition of such a 
reducing agent can be utilized in a sol-gel synthesis technique while hybridizing zero-
valent metal nanoparticles with MWNTs. However, it may impose a significant limitation 
on the quality of the materials produced. In the presence of a strong reducing agent, a large 
amount of individual zero-valent nanocrystals can form that are not chemically bound to 
the MWNTs, which will require rigorous post-treatment of the materials to separate the 
NHs from the unattached nanocrystals. Thus, further modification of the sol-gel technique 
may be necessary to better control the degree of crystallinity and to prepare metal vs. metal 
oxides under comparable sets of synthesis conditions.  
Standard electron potential (SEP) of a metal species can dictate reaction pathway, 
and hence can control the composition (i.e., metal vs. metal oxide) of the crystal grown on 
MWNT surfaces. SEP values considered here represent electron transfer capabilities 
between the oxidized and the zero-valent metallic forms of a metal species (i.e., Mn+ + ne- 
↔ M, where M is the metal species and n is the number of electrons involved in the 
reaction). Literature evidence show that metals with negative SEP preferentially form MOs 
while those with positive values tend to form zero-valent metallic form of the same. 
Following are the MOs that are reported in the literature to form on carbon nanotube (CNT) 
surfaces: Al2O3
8-10, CeO2
11, 12, CoO3
13, 14, Eu2O3
15, 16, FexOy
17-20, HfO2
21, 22, MgO23, MoO2
24, 
NiO25, SiO2
26-28, SnO2
29, TiO2
30, 31, VxOy
32, ZnO33, and ZrO2
34
. On the other hand, Ag
35, 
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Au36, Pt37, and Pd38 with positive SEP are reported to form zero-valent metals  on CNT 
surfaces. Cu and W (with positive SEP) and Fe (with negative SEP) demonstrate 
exceptions; i.e., despite positive values of SEP, Cu39 and W40 are shown to form oxides, 
whereas Fe with negative SEP can form zero-valent metal nanocrystals41. Table B2 
(appendix B) shows the SEPs of different metal species. The abovementioned discussion 
clearly indicates that SEP can determine formation of metal vs MO on the MWNT surface. 
The challenge, however, is to comment on the role of SEP on forming metal vs MO while 
utilizing the sol-gel method developed in chapter 2 to synthesize MWNT based NHs. This 
chapter aims to provide insight into the crystal formation and assesses the degree of 
crystallinity of the metal oxides grown onto MWNT surfaces. X-ray diffraction (XRD) has 
been used to characterize the materials before and after calcination. Applicability of sol-
gel method to prepare MWNT-zero-valent metal NHs without the use of a reducing agent 
has been assessed. The choice of the metal species is guided by the SEP values (i.e., Cu 
and Ag with +0.345 and +0.799 V SEP values, respectively). These are two metal species 
with some of the lowest magnitude of SEP values (among the positive SEP species), and 
hence are most relevant to determine the threshold SEP for zero-valent metal crystal 
formation. XRD has been used to characterize the crystalline features of these NHs as well. 
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3.2 MATERIALS AND METHODS 
3.2.1 Chemicals and Reagents 
Pristine MWNTs (O.D. 8-15 nm) were procured from Cheap Tubes Inc. 
(Brattleboro, VT). Concentrated nitric acid, sulfuric acid, titanium (IV) isopropoxide 
(TTIP), erbium (III) nitrate pentahydrate, praseodymium (III) nitrate hexahydrate, and 
copper (II) nitrate monohydrate were purchased from Sigma Aldrich (St. Louis, MO). 
Trace metal grade silver nitrate was purchased from Alfa Aesar (Haverhill, MA). 
Isopropanol and dimethylformamide (DMF) was obtained from Fisher Scientific 
(Pittsburgh, PA) while zinc (II) nitrate hexahydrate was purchased from J.T Baker (Center 
Valley, PA). For preparing all aqueous suspensions and solutions, 18.2 mΩ (Milli-Q) water 
was used unless otherwise stated. 
3.2.2 Material Synthesis 
All materials were synthesized using the sol-gel technique developed in Chapter 2. 
In brief, MWNTs (1 g) were acid-etched by ultrasonication (Qsonica LLC, Newtown, CT) 
in 300 mL of concentrated nitric and sulfuric acid mixture (1:1 volume basis). Upon 
sonication, the mixture was refluxed at 100 °C for 3 h under continuous stirring. The 
oxidized MWNTs were subsequently filtered until the pH of the filtrate reached >5.5 and 
then were dried for 48 h in a desiccator. Once dried, the oxidized MWNTs were re-
suspended in isopropanol with an ultrasonic dismembrator (Qsonica, Newtown, CT) and 
transferred into a round bottom flask. Appropriate amounts of precursors were added to 10 
mL of isopropanol and introduced drop wise to the MWNT-isopropanol suspension at 
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0.301 mL/min with a peristaltic pump (Ismatec, Wertheim, Germany). The slow rate of 
precursor addition was maintained to provide sufficient mixing time. The entire suspension 
was refluxed at 80 °C for 3 h in a nitrogen environment. For MWNT-TiO2 NH, 5 mL of 
water was added drop wise into the reaction vessel to promote TiO2 crystal formation on 
the MWNT backbone via a hydrolysis process over 1 h. Similar hydrolysis step was 
performed for AgNO3 precursor as well since the AgNO3 was anhydrous. Afterwards, the 
refluxed mixture was washed 4 times with isopropanol (as a purification step), which 
removed any unreacted reagent. Finally, isopropanol was evaporated, the dry materials 
were powdered using a mortar and pestle, and the resultant materials were calcined at 400 
°C for 3 h under nitrogen to facilitate crystal formation.  
3.2.3 Analysis of Crystallinity 
 The crystallinity of all the materials was evaluated with XRD. A 600 W Rigaku 
MiniFlex 600 (Rigaku, Japan) with a Cu-Kα irradiator (0.154 nm wavelength) and a 
graphite monochromator was used at a step width of 0.04° (between 2θ values of 15° to 
70°) and a scanning rate of 2°/min.  
3.3 RESULTS AND DISCUSSION 
3.3.1. Mechanism of Metal Oxide Crystal Formation 
The MWNTs utilized in synthesis were etched with oxygen functional moieties via 
acid etching42, 43. These functional sites enhanced dispersibility of these MWNTs in 
isopropanol and also served as binding and nucleation sites for the metal oxide 
nanocrystals44. The preferential localization of metal cations is likely electrostatic in 
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origin44, which is facilitated by an increased number of anionic binding sites on the 
functionalized MWNTs.  
TiO2 and ZnO nanocrystals growth on the MWNT surfaces was promoted by the 
negatively charged oxygen moieties on MWNT surfaces. Literature discusses such 
mechanism for TiO2 nanocrystal formation on oxidized MWNTs
30. In brief, upon addition 
of TIP in oxidized MWNT suspension, the TTIP interacts with the oxygen-containing 
groups on the MWNT surfaces, giving rise to a C-O-Ti bond formation30. The C-O-Ti bond 
acts as a nucleation cite and, upon hydrolysis, the TiO2 nanocrystals are formed around the 
nucleation site30. These TiO2 nanocrystals are primarily amorphous and these undergo 
phase-transformation to form cyrstalline (anatase) nano-TiO2 upon calcination. A likely 
pathway for MWNT-TiO2 NH formation is shown below. 
𝑀𝑊𝑁𝑇
[𝑎𝑐𝑖𝑑 𝑒𝑡𝑐ℎ]
→        𝑂 − 𝑀𝑊𝑁𝑇−  
𝑇𝑖(𝑂−𝐶2𝐻6)4
→          𝑀𝑊𝑁𝑇 − 𝑂 − 𝑇𝑖(𝑂 − 𝐶2𝐻6)3 + 𝐶2𝐻6𝑂𝐻 
𝑀𝑊𝑁𝑇 − 𝑂 − 𝑇𝑖(𝑂 − 𝐶2𝐻6)3
𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠
→        𝑀𝑊𝑁𝑇 − 𝑇𝑖𝑂2
𝐶𝑎𝑙𝑐𝑖𝑛𝑎𝑡𝑖𝑜𝑛
→         𝑀𝑊𝑁𝑇 − 𝑇𝑖𝑂2 (𝐴𝑛𝑎𝑡𝑎𝑠𝑒) 
Nanocrystal formation mechanism for MWNT-ZnO has been evaluated in this 
study with XRD characterization on the materials, before and after calcination (Figure 3.1). 
Reactions are likely initiated in a similar way, where electrostatic attraction between zinc 
cations and anionic surface groups on MWNTs associate the Zn2+ with the MWNT 
surfaces. These ions then react with water molecules (generated from the hydrated zinc 
nitrate salt) to form Zn(OH)2 on the MWNT surface, which serve as nucleation sites for 
further growth of amorphous and mixed-phased Zn(OH)2 and ZnO. XRD spectra before 
calcination shows evidence of both the crystal phases (Figure 3.1). During calcination at 
elevated temeperature (at 400 °C in this case), the Zn(OH)2 likely loses the excess water 
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and forms ZnO crystal phases onto MWNTs. XRD spectrum on the NH after calcinaton 
shows no evidence of Zn(OH)2 phase (Figure 3.1) and confirms this likely crystal 
formation pathway. Literature reports on XRD patterns for amorphous Zn(OH)2 and ZnO 
has been used to relate peak positions with specific crystalline planes45. The reaction 
pathway for MWNT-ZnO NH formation is shown below. 
𝑂 −𝑀𝑊𝑁𝑇−
𝑍𝑛(𝑁𝑂3)2
→       𝑂 −𝑀𝑊𝑁𝑇−𝑍𝑛2+
𝐻2𝑂
→   𝑀𝑊𝑁𝑇 − 𝑍𝑛𝑂/𝑍𝑛(𝑂𝐻)2(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) 
𝐻𝑒𝑎𝑡
→   𝑀𝑊𝑁𝑇 − 𝑍𝑛𝑂 (𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Representative XRD spectra of MWNT-ZnO NH before (a) and after (b) 
calcination at 400 °C for 3 hours. The peak positions are labeled to indicate 
the respective crystal planes. 
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3.3.2 Assessing the Crystallinity of the Lanthanide Series Metal Oxides 
It is hypothesized that the MO growth mechanism for the MWNT-MO NHs with 
lanthanide series metals (i.e., MWNT-Er2O3 and MWNT-Pr6O11) is similar to that of 
MWNT-ZnO NH, since the oxides of all these three metals use nitrate precursors of the 
respective metals. Prior to calcination, MWNT-Er2O3 NHs show significant widening of 
XRD peaks (Figure 3.2), indicating amorphous behavior of the nanofeatures grown. The 
uncalcined MWNT-Pr6O11 demonstrates random crystalline peaks similar to that of 
uncalcined MWNT-ZnO. The crystalline peaks, however, did not match Er hydroxide or 
Pr hydroxide crystalline peaks46. The lack of a true match between literature reported 
Er(OH)3 peaks and those reported here indicates likely presence of amorphous Er2O3 
and/or Er(OH)3. On the other hand, some of the crystalline peaks of uncalcined MWNT-
Pr6O11 overlap with the Pr(OH)3 crystalline peaks at 2θ values of ⁓16°, ⁓28°, ⁓40°, and 
⁓50°46; however, lack of a true match with the literature reported spectrum limits drawing 
any conclusion on the crystalline composition of this material. The existing crystalline 
phases may be a mixture of Pr(OH)3 and/or Pr(NO3)3. Thus, crystal formation pathway for 
the MWNT-Er2O3 and MWNT-Pr6O11 NHs cannot be conclusively discerned in this work.  
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Figure 3.2: XRD spectra of NH with lanthanide series MOs before and after calcination at 
400 °C for 3 hours in air: MWNT-Er2O3 NH (a) before and (b) after 
calcination and MWNT-Pr6O11 NH (c) before and (d) after calcination. Both 
NHs were synthesized using the same sol-gel technique.  
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In chapter 2, the HRTEM micrographs of the MWNT-Er2O3 and MWNT-Pr6O11 
demonstrated lattice fringes of their MO contents (Figure 2.1). Hence, in order to assess 
the physical morphology and crystallinity of the Er2O3, and Pr6O11 MOs in the NHs, the 
MWNT component of these NHs were completely oxidized at 600 °C in air for 3 hours. 
The residual MO nanocrystals were collected and characterized by TEM for size and by 
XRD for crystallinity. The TEM micrographs (Figure 3.3 a and b) on these materials show 
similar sized nanocrystals with individual particle diameters ranging from 5-15 nm. These 
nanocrystals also show distinct lattice fringes, which confirm that the metal oxides are 
ordered.  
XRD spectra of the Er2O3 and Pr6O11 show sharp and defined peaks, which 
indicates high degree of crystallinity as opposed to their respective NHs (Figure 3.3 c and 
d). The Er2O3 MOs show XRD peaks corresponding to (211), (222), (400), (411), (332), 
(431), (400), and (622)47 while the crystalline planes of Pr6O11 MOs have been found to be 
(111), (200), (220), (311), (222), and (400)48. These results are significant and suggest that 
increased calcination temperature in air can enhance the degree of crystallinity on the 
lanthanide series MO nanocrystals. However, if the NHs are calcined at this elevated 
temperature in an oxic environment, carbon nanotubes will undergo complete oxidation 
and the NHs will not be obtained. Hence, further modification to the sol-gel process is 
necessary while applying this technique in an air-free environment in order to increase the 
degree of MO crystallinity in these NHs. Another possibility is that the hybridization 
process is somehow masking the crystallinity of Er2O3 and Pr6O11 and because of that 
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reason, the XRD spectra of MWNT-Er2O3 and MWNT-Pr6O11 NHs are not showing 
ordered MO crystallinity despite the MO lattice fringes observed in their HRTEM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Representative HRTEM micrographs (a,b) and XRD spectra (c,d) of 
lanthanide series MO nanocrystals obtained after complete oxidation of the NHs. (a,c) 
Er2O3, and (b,d) Pr6O11. MO nanocrystals were obtained by complete oxidation of MWNT 
content from their respective NHs at 600 °C for 3 hours in air. The peak positions in the 
XRD spectra are labeled as their respective crystal planes.  
30 60
(400)
(222)
 (200)
(111)
 
(220)
(311)
2
(d) Pr
6
O
11
 
 
30 60
(411)
(332) (134)
(211)
(440)
(622)
(400)
 
2
(222)
(c) Er
2
O
3
 
 
(a) Er2O3 nanocrystals (b) Pr6O11 nanocrystals 
 62 
In an effort to grow lanthanide series metal oxides with a high degree of 
crystallinity, synthesis of NHs at elevated temperature (600 °C for 3 h) in a nitrogen 
environment were performed. XRD analysis (Figure 3.4) continues to show peak 
broadening, i.e., presence of amorphous materials on the MWNT surfaces. However, XRD 
spectra of both materials display appearance of additional crystalline peaks (Figure 3.4), 
which were not observed in the NHs calcined at 400 °C (Figure 3.2). These results 
demonstrate that temperature needs to be further elevated to achieve a higher degree of 
crystallinity.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: XRD pattern of MWNT-Er2O3 and MWNT-Pr6O11 NH synthesized using the 
sol-gel technique and calcined at 600 °C in a nitrogen environment for 3 
hours.  
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 Since oxidation of the MWNTs initiates around 350 °C in oxic condition, 
calcination was performed at a lower temperature (i.e., 320 °C) to assess if calcination in 
an oxic environment can increase the degree of crystallinity. Figure 3.5 shows the XRD 
spectra of the two NHs, where the amorphous nature of the materials continues to be 
evident. These results suggest that further elevation of the synthesis as well as calcination 
temperature is necessary to enhance the degree of crystallinity of the lanthanide series 
oxides. Thus, careful experimental design modifications are desired to perform such 
synthesis in an anoxic environment.  
  
 
 
 
 
 
 
 
 
 
 
Figure 3.5: XRD spectra of MWNT-Er2O3 and MWNT-Pr6O11 NH calcined at 320 °C in 
air using the sol-gel method. All other synthesis parameters were unchanged. 
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3.3.3 Applicability of the Sol-gel Method for MWNT-Zero-Valent Metal Synthesis 
MWNT has been successfully hybridized with zero-valent Ag (with SEP of +0.799) 
following the developed sol-gel method. The TEM micrograph (Figure 3.6 a) show nano-
sized spherical features that are not very well distributed on the MWNT surfaces. The XRD 
spectrum of the MWNT-Ag NH (Figure 3.6 c) shows peaks corresponding to (111), (200), 
(220), and (311) crystal planes, which correspond to zero-valent Ag nanoparticles49.  
Hybridization of MWNTs with Cu was performed following similar experimental 
conditions. TEM micrograph (Figure 3.6 b) shows similar nano-sized features on the 
MWNT surfaces. However, the XRD spectrum (Figure 3.6 d) shows presence of both zero-
valent and oxidized forms of Cu by displaying defined peaks at (111), (200), and (220) and 
(111) and (220) for Cu and Cu2O crystal planes, respectively
50. Literature reports on zero-
valent Cu nanoparticle suggest that such behavior can stem from unavoidable oxidation of 
zero-valent Cu while performing XRD50, 51. Some literature evidences also suggest that 
such XRD patterns are typical for Cu/Cu2O core/shell nanocrystals
50.  
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Figure 3.6: Representative HRTEM micrographs of (a) of CNT-Ag NH and (b) CNT-
Cu/Cu2O NH and representative XRD spectra of (c) CNT-Ag NH and (d) of 
CNT-Cu/Cu2O NH.    
To investigate whether the Cu2O in the MWNT-Cu/Cu2O NH stemmed from the 
oxidation of zero-valent Cu during XRD, synthesis of the NHs has also been attempted in 
oxygen-free environment. In order to do so, the developed sol-gel process was further 
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modified, where the MWNT-isopropanol suspension was purged with nitrogen for an hour 
and Cu(NO3)2.H2O reagent was added in the MWNT suspension. Upon completion of the 
reaction process, the reaction vessel was transferred to a glove box, which was purged with 
nitrogen. In this anaerobic synthesis process, the purification step to remove any unreacted 
reagent could not performed due to a lack in vacuum pressure inside the glove box. The 
final synthesis steps including evaporation of isopropanol and calcination were also 
performed under nitrogen environment. The synthesized NHs were then transferred into an 
airtight XRD sample holder and analysis was performed.  
Figure 3.7 shows the XRD spectrum of the MWNT-Cu/Cu2O NH, synthesized 
under anaerobic conditions. The spectrum shows evolution of two additional Cu2O crystal 
planes (110) and (200), and also indicates a relative increase in intensity of the peaks 
corresponding to (111) and (220) planes that are relevant to Cu2O, when compared to the 
peaks corresponding to the same Cu2O peaks found in the NH synthesized under aerobic 
(Figure 3.6 d). Thus, formation of zero-valent Cu on MWNT surfaces was unsuccessful 
despite all necessary precautions to perform synthesis and characterization of the materials 
in an oxygen-free environment. The results indicate that the Cu2O peaks in the NH, 
synthesized under aerobic condition, did not originate from oxidation of zero-valent Cu 
during XRD experiment. The possible sources of oxygen, which might have facilitated the 
formation of excess Cu2O under anaerobic condition is the H2O or NO3
-, which could not 
be removed at the end of the initial reaction step due to the skipped filtration step. After 
analyzing the results, it is recommended that the MWNT-Cu/Cu2O NH can be converted 
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to MWNT-Cu2O NH by adding HNO3 in the MWNT-isopropanol-Cu(NO3)2 reaction 
mixture and creating an oxidizing environment. Inversely, the MWNT-Cu/Cu2O NH can 
possibly be converted to MWNT-Cu NH by adding a reducing agent in the reaction 
mixture. These experimental results for MWNT-Ag and MWNT-Cu/Cu2O NHs suggest 
that, when using the sol-gel technique developed in chapter 2, the minimum threshold SEP 
value of a metal species needs to be greater than +0.345 to be able to form nanoparticles 
of its zero-valent state on MWNT surface. 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 3.7: XRD spectrum of MWNT-Cu/Cu2O NH synthesized using the sol-gel process 
under oxygen-free conditions. Special air-tight XRD sample holder was used 
for XRD analysis of this material. 
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3.3.4 Effect of slow reducer on Cu2O formation in the MWNT-Cu/Cu2O NH 
In order to investigate the effect of using a solvent with a relatively higher reduction 
potential than that of isopropanol, MWNT-Cu/Cu2O NH was synthesized using a similar 
sol-gel process, however with dimethyl formamide (DMF) as the solvent. DMF has been 
successfully used as a weak reducing agent for synthesizing Ag nanoparticles51. This 
synthesis was performed in presence of oxygen and hence the excess reagents could be 
removed upon completion of the reaction.  
 Figure 3.8 shows the XRD spectrum of MWNT-Cu/Cu2O synthesized with DMF, 
which demonstrates lowering of the peak intensity corresponding to Cu2O (111) plane. The 
Cu2O (220) peak, that was found in the MWNT-Cu/Cu2O NH synthesized using 
isopropanol as a solvent (Figure 3.6), is not found in this XRD spectrum. The results 
suggest that DMF’s reducing ability can be utilized to hybridize zero-valent Cu NHs, with 
a presence of a small amount of Cu2O. Although DMF has been used as a reducing agent
51, 
no literature evidence could be found that support the claim of DMF being a better reducer 
than isopropanol. In order to investigate whether DMF created an enhanced reducing 
environment compared to isopropanol, oxidation reduction potentials (ORPs) for both 
these systems were measured by a portable ultrameter (Myron L Company, Carlsbad, CA). 
It is to be noted that the ultrameter is designed to measure ORP in an aqueous environment. 
However, since only a relative ORP comparison between the two synthesis processes was 
desired and both isopropanol and DMF are miscible in water, the ORP measurements were 
performed despite the solvent-related limitations. Two reaction mixtures, i.e., 
MWNT+isopropanol+Cu(NO3)2.H2O and MWNT+DMF+Cu(NO3)2.H2O were heated at 
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70 °C for 1 h. After calibrating the ultrameter, 1 mL of both samples were placed in the 
ORP measurement chamber separately. The isopropanol system showed ORP value of 
+597 mV, while the DMF system showed a value of +504 mV. The lower ORP value of 
the DMF system indicates that the DMF system creates a better reducing environment than 
the isopropanol system52. These observations also explain the reduction of Cu2O content 
in the MWNT-Cu/Cu2O NH, synthesized using DMF. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: XRD spectrum of MWNT-Cu/Cu2O NH synthesized in aerobic conditions, 
using DMF as a solvent in place of isopropanol and keeping all other 
parameters used in the sol-gel process unchanged. XRD was also performed 
under atmospheric conditions. 
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3.4 SUMMARY 
The crystal formation pathway of the four different MWNT-NHs (MWNT-TiO2, 
MWNT-ZnO, MWNT-Er2O3, and MWNT-Pr6O11), synthesized by the sol-gel process has 
been discussed. Based on literature and experimental observations, hybridization schemes 
for the MWNT-TiO2 and MWNT-ZnO NHs have been proposed. For the MWNT-Er2O3 
and MWNT-Pr6O11 NHs, the synthesis scheme could not be proposed due to lack of 
literature evidence. Based on the experimental results, it is suggested that the sol-gel 
synthesis process for the MWNT-Er2O3, and MWNT-Pr6O11 needs further engineering or 
alternative synthesis approaches needs to be executed in order to ensure ordered 
crystallinity in their MO components. One of such alternative approaches can be ex-situ 
hybridization of the Er2O3 and Pr6O11 MOs with the MWNTs with the aid of a linker. The 
role of SEP (while considering electron transfer from oxidized metal ion to its zero-valent 
form) on formation of metal/metal oxide (exclusively for the sol-gel process described in 
this study) from the metal precursors was also evaluated. It was found that, using the sol-
gel technique described in Chapter 2, the metal species with a negative standard electrode 
potential can be hybridized in their oxide form. The results also suggested that the 
minimum SEP value of a metal species needs to be greater than +0.345 V to be able to 
form nanoparticles of its zero-valent state on MWNT surface. Furthermore, the study also 
recommended that for metal species like Cu, which have a positive standard electrode 
potential and can easily be oxidized in presence of air, a better oxidizing environment than 
that in the sol-gel technique used here needs to be created in the reaction mixture in order 
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to form pure MO nanoparticles. Inversely, solvents with higher reducing capabilities 
should be used in order to form pure zero-valent metallic nanoparticles.  
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Chapter 4:  Aggregation Behavior of Multiwalled Carbon Nanotube-
Titanium Dioxide Nanohybrids: Role of Titanium Dioxide Loading 
4.1 INTRODUCTION 
With recent advances in material science and engineering, passive nanostructures 
have advanced to complex hierarchical heterostructures, known as nanohybrids (NHs). 
These complex NMs aim to meet the increasing demand for multifunctionality in various 
applications including biomedicine1, biomedical imaging2, supercapacitors3, 
optoelectronics4, solar cell technology5, electrochemical fuel cells6, electrocatalysis7, 
chemical sensing8, among many others. Such widespread applications of NHs will likely 
be associated with environmental release and exposure. Hence, a systematic assessment of 
environmental health and safety (EHS) of these heterostructures is necessary. These 
complex multifunctional NHs with emergent properties will likely manifest environmental 
behavior, exceeding that of the sum of their component parts9-12.    
Carbon nanotube-metal oxide NHs are one of the most used heterostructures, 
particularly as catalyst supports in electrochemical fuel cells13. Nano-scale TiO2 particles 
are grown on multiwalled carbon nanotube (MWNT-TiO2) surfaces to serve as anodic 
materials in microbial fuel cells for performance improvement14 as well as support for Pt, 
a widely used catalyst in proton exchange membrane fuel cells15. The MWNT backbone of 
the MWNT-TiO2 NHs provides corrosion resistance and enhanced electrical 
conductivity16, while TiO2 increases the stability and durability of Pt against diffusion, 
detachment, and dissolution17-19. Though Pt use per unit fuel cell has decreased 
significantly over the past decades, by 2050, at least 300,000 kg of Pt is projected to be 
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used each year20, 21. The global decrease in the Pt reserve requires extraction and recovery 
of this metal (employing harsh acid-digestion techniques) at the end of the lifecycle of the 
fuel cells22. MWNT-TiO2 NHs that are used to support Pt catalysts in fuel cell industry thus 
have a high likelihood to be released, most likely during the end of life metal recovery 
process and necessitate systematic assessment of their EHS.   
The aggregation behavior of MWNT and TiO2 components has been studied 
extensively23. Carbon nanotubes (CNTs)24, 25 and TiO2
26 have been reported to follow the 
classical Derjaguin-Landau-Verwey-Overbeek (DLVO) type aggregation behavior. The 
dominant factors in CNT aggregation are found to be surface oxidation27, 28, solution 
chemistry24, 25, 29, and chirality30, 31; while nano-scale TiO2 aggregation has been shown to 
be influenced by size,26 surface area,26 composition,26 shape,26 and surface functionality32. 
However, when hybridized, the physicochemical properties of the MWNT-TiO2 NHs will 
likely differ from those of both MWNTs and TiO2, hence will present significant 
uncertainty in predicting NH behavior from its components.  
Composite materials bring in complexity and heterogeneity to the surface by virtue 
of the combination of multiple materials with unique chemical origin. Hybridization can 
alter the surface potential as well as modulate the van der Waals attraction forces of the 
component materials.33 Furthermore, when TiO2 nanocrystals are grown on MWNT 
surfaces, these nano features will likely enhance the surface roughness of the nanotube and 
may also induce heterogeneous charge distribution, both of which increase uncertainty in 
aggregation behavior of these complex materials. A recent study33 on aggregation of a 
carbonaceous-metal oxide NH, i.e., reduced graphene oxide-TiO2 (rGO-TiO2) presented 
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observational aggregation data and claims to estimate the Hamaker constant value for the 
NH. However, this study does not elucidate any underlying aggregation mechanisms of the 
NH and also does not compare the aggregation behavior with that of the component 
materials. Following are the pertinent questions on NH aggregation. Can the NH 
aggregation be captured by the aggregation of the components? Is the aggregation behavior 
of the NH controlled by the van der Waals or electrostatic contribution of the component 
materials? Does the carbon:metal ratio, i.e., the NH composition, play a significant role in 
modulating the aggregation behavior?  
 The objective of this study is to answer these pertinent questions by systematically 
assessing the aggregation behavior of MWNT-TiO2 NHs with a wide range of C:Ti loading 
(C:Ti molar ratios of 1:0.1, 1:0.05, and 1:0.033), synthesized employing the sol-gel method 
reported in Chapter 2. The C:Ti molar ratio of 1:0.1 was chosen since it is one of the most 
used and commercialized MWNT-TiO2 composition 
34. The 1:0.1 loading has shown 
complete coverage of MWNT surfaces (Chapter 2) leaving a TiO2 external surface for 
interaction. To better assess the role of surface complexity on interfacial interaction, NHs 
with lower TiO2 loadings are desired, which will introduce TiO2 properties on MWNT 
while preserving both MWNT and TiO2 properties at the NH-water interface. Transmission 
electron microscopy (TEM) has been used to perform morphological analysis and estimate 
surface roughness of the composites, while X-ray diffraction (XRD) was employed to 
assess the crystallinity of the grown TiO2. Energy dispersive spectroscopy (EDS) with 
scanning transmission electron microscopy (STEM) was used for elemental mapping. 
Chemical composition of the NHs was also assessed with X-ray photoelectron 
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spectroscopy (XPS). Aggregation kinetics of these NHs has been studied using time-
resolved dynamic light scattering (TRDLS) under a wide range of mono-valent (NaCl) salt 
concentrations. Relative contributions from van der Waals and electrostatic interactions 
have been enumerated with electrophoretic mobility (EPM) measurements. Effects of the 
type of cation and natural organic matter were evaluated by determining aggregation rate 
at 10 mM ionic strength (i.e., 1 mM CaCl2 + 7 mM NaCl) with and without the presence 
of Suwanee River humic acid (SRHA). For clarity, the oxidized MWNTs will be denoted 
as MWNTs, and the three NHs with different loadings will be denoted as NH-High (C:Ti 
1:0.1), NH-Mid (C:Ti 1:0.05), and NH-Low (C:Ti 1:0.033), while MWNTs that are heat-
treated (without any titanium precursor) will be denoted as MWNT-ISP from hereon.  
4.2 MATERIALS AND METHODS  
4.2.1 Synthesis of NHs 
The MWNT-TiO2 NHs were synthesized using a previously published protocol
35. 
In brief, MWNTs (O.D. 8-15 nm), procured from Cheap Tubes Inc. (Brattleboro, VT), were 
refluxed with concentrated nitric and sulfuric acid. The oxidized MWNTs were 
subsequently filtered and dried for 48 h in a desiccator and re-suspended in isopropanol 
with an ultrasonic dismembrator (Qsonica LLC, Newtown, CT). Titanium isopropoxide, 
TTIP (Sigma Aldrich, St. Louise, MO) was introduced as a precursor to grow TiO2 on the 
MWNT surfaces in situ. NHs with three different TiO2 nanocrystal loading (C:Ti molar 
ratio of 1:0.1, 1:0.05, and 1:0.033) were synthesized by varying the amount of TTIP used 
in the reaction. The TTIP and MWNT mixture in isopropanol was then stirred for 3 h at 70 
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°C under nitrogen environment. After 3 h, water was added dropwise into the reaction 
vessel to promote TiO2 crystal formation on the MWNT backbone via a hydrolysis process. 
This mixture was kept under the same stirring conditions for an additional 2 h and 
afterwards washed 4 times with isopropanol to remove any unreacted reagent. Finally, 
isopropanol was evaporated and the resultant materials were calcined at 400 °C for 3 h in 
a Lindberg/Blue M Mini mite tube furnace (Thermo Scientific) to facilitate ordered 
crystallinity and phase transformation of the TiO2 nanocrystals.   
4.2.2 Preparation of TiO2 Nanocrystals and Isopropanol and Heat Treated MWNT 
(MWNT-ISP) 
TiO2 nanocrystals were obtained by complete oxidation of MWNTs from the 
MWNT-TiO2 NHs. The MWNT-TiO2 NHs were calcined in air in a Lindberg/Blue M Mini 
mite tube furnace (Thermo Scientific) at 650 °C for 2 h. The MWNTs were burnt off at 
this temperature leaving a white TiO2 nanocrystal residue. 
 To understand the effect of heat treatment on MWNT surface functionality and 
therefore its contribution to aggregation, oxidized MWNTs were exposed to the identical 
experimental conditions used for synthesizing the MWNT-TiO2 NHs (i.e., refluxed in 
isopropanol and calcined for 3 h at 400 °C with 2 additional h of refluxing in water) to 
obtain MWNT-ISP.  
4.2.3 Preparation of Aqueous Suspensions 
Aqueous stock suspensions of all materials (i.e., MWNTs, NHs with three different 
TiO2 loadings, TiO2 nanocrystals, and MWNT-ISP) were prepared by ultrasonicating each 
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material in 50 mL of ultrapure water for 30 min. These suspensions were kept quiescently 
in the dark at 4 °C overnight to settle out larger clusters. Finally, the supernatant was 
decanted and the stock suspensions were appropriately diluted for further studies.  
4.2.4 Solution Chemistry 
To assess the effects of monovalent cation on aggregation kinetics, 55-400 mM 
NaCl was used. Effect of divalent cation and natural organic matter (NOM) was evaluated 
by determining particle aggregation rate at 10 mM ionic strength (1 mM CaCl2 + 7 mM 
NaCl) with and without 2.5 mg TOC/L standard II SRHA (International Humic Substances 
Society, Denver, CO). All experiments were performed at 25 °C with pH adjusted to 
6.9±0.2 with 0.5 M NaOH or 0.5 M HCl.   
4.2.5 Physicochemical Characterization 
The physical morphology of the NMs was characterized using a JEOL 2010F 
HRTEM equipped with EDS. Electron micrographs were obtained at an acceleration 
voltage of 200 kV. High annular angle dark field STEM images were obtained using the 
same equipment while EDS was employed to obtain elemental mapping for the NHs. The 
details of the HRTEM and EDS have been described elsewhere24, 30, 31, 36-39. For 
determining the elemental composition of the dry NMs, a Kratos XPS-Axis Ultra DLD, 
equipped with a monochromated Al Kα X-ray source was employed. The XPS data analysis 
was performed by fitting the high-resolution element specific peaks using CasaXPS (Casa 
Software Ltd., Japan). The crystallinity of the NMs was evaluated with XRD. A 600 W 
Rigaku MiniFlex 600I XRD with a Cu-Kα irradiator (wavelength of 0.154 nm) and a 
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graphite monochromator was used. Details of the experimental protocol for XPS and XRD 
analyses is described in earlier studies30, 35.  
4.2.6 Electrokinetic Properties 
The electrophoretic mobility (EPM) of the aqueous suspensions of all NMs was 
measured using a Malvern Zetasizer (Malvern Instruments Ltd., Worcestershire, UK) at 20 
°C. For each measurement, 900 µL of the NM suspension was introduced into a disposable 
capillary cell (DTS 1070). Six different cells were used for EPM measurement of the 6 
NMs in this study. Measurements were performed in triplicate for a wide range of NaCl 
concentrations (0.1 to 400 mM) using a well-established protocol24, 30, 31, 36-39. The cells 
were washed with DI water and ethanol between measurements. 
4.2.7 Aggregation Kinetics 
The aggregation kinetics of the NMs were measured using an ALV/CGS-3 compact 
goniometer system (ALV-Laser GmbH, Langen/Hessen, Germany), equipped with a 22 
mW HeNe 632.8 nm laser and a high QE APD detector with photomultipliers of 1:25 
sensitivity. The experimental details of the aggregation kinetics experiments and data 
analysis have been described elsewhere24, 30, 31, 37, 40, 41. In brief, an aliquot of the diluted 
stock suspensions was mixed with an appropriate amount of NaCl or the NaCl and CaCl2 
mixture, and in presence or absence of SRHA. 2 mL of the sample was injected into a pre-
cleaned borosilicate glass vial24, 30, 31, 37, 40, 41 and vortexed for 2 s prior to insertion into the 
toluene-filled goniometer sample housing. The scattered laser was collected every 15 s for 
at least 25 min at 90°. A cumulant fit was used to analyze the collected data and the average 
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hydrodynamic radii (HDR) were obtained for every 15s segment during the entire duration 
of the experiment. 
 The average HDR over time was plotted and slopes at the initial stages of the 
aggregation history were estimated (equation 4.1) by regressing up to 1.26 times the initial 
HDR37, 42 (measured by the instrument at t=0). In some cases, the final cluster size (after 
t=25 min) did not increase by 26% of the initial cluster size. The aggregation rates, for such 
cases, were obtained by calculating slopes over the entire size range. The attachment 
efficiency parameter (α) for each condition was calculated (equation 4.2) by normalizing 
the rate of initial change of the HDR at any condition by that at the most favorable 
condition24, 30, 31, 37, 40, 41.    
𝑘 ∝
1
𝑁0
[
𝑑𝑅ℎ(𝑡)
𝑑𝑡
]
𝑡→0
……………………………(4.1) 
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[
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……………………(4.2) 
Here, k is the aggregation rate, 
𝑑𝑅ℎ(𝑡)
𝑑𝑡
 is rate of change in particle radius with time and N0 
is the particle concentration in suspension. Aggregation rate reported in this paper was 
calculated as 
𝑑𝑅ℎ(𝑡)
𝑑𝑡
, consistent with earlier studies30, 37, 40, 43. Finally, the attachment 
efficiencies were plotted against NaCl concentration in a logarithmic plot to produce 
stability plots.   
 84 
4.2.8 DLVO Modeling 
The attachment efficiencies were modeled by estimating the stability ratios 
calculated with equation 4.3 to evaluate the efficacy of the DLVO theory to predict 
aggregation behavior of these complex NHs. Similar types of DLVO modeling have 
previously been used to analyze aggregation behavior of NMs42. 
𝑊 =
∫ 𝛽(ℎ)
exp [𝑉𝑇(ℎ) 𝑘𝑇]⁄
(2𝑎 + ℎ)2
∝
0
∫ 𝛽(ℎ)
exp [𝑉𝐴(ℎ) 𝑘𝑇]⁄
(2𝑎 + ℎ)2
∝
0
………(4.3) 
In equation 4.3, h is the surface-to-surface separation distance between two particles, a is 
the particle radius, k is the Boltzmann constant, and T is the absolute temperature. The total 
interaction energy between two particles, VT(h), is the sum of the van der Waals attraction, 
VA(h), and electrical double layer interaction, VR(h). The dimensionless function β(h) 
corrects for the hydrodynamic resistance (interaction) between the two approaching 
particles42.  
𝛽(ℎ) =  
6 (
ℎ
𝑎)
2 
+ 13 (
ℎ
𝑎)
 
+ 2
6 (
ℎ
𝑎)
2 
+ 4(
ℎ
𝑎)
 ………(4.4) 
𝑉𝑇(ℎ) = 𝑉𝑅(ℎ) + 𝑉𝐴(ℎ)………(4.5) 
𝑉𝑅(ℎ) = 64𝜋
𝑛𝑏𝑘𝑇
𝜅2
𝑎2
(ℎ + 2𝑎)
[tanh(
𝑧𝜓?̃?
4
)]2 exp(−𝜅ℎ)………(4.6) 
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𝑉𝐴(ℎ) = −
𝐴𝐻
6
(
2
ℎ̅2 − 4
+
2
ℎ̅2
+ 𝑙𝑛
ℎ̅2 − 4
ℎ̅2
)………(4.7) 
Here, VR(h) is the repulsive energy between two particles originating from their 
electrostatic double layer, nb is the number concentration of cations in bulk solution 
(no./m3), k is Boltzmann constant, T is absolute temperature, 𝜅 is the Debye–Hückel 
parameter, z is charge number, and 𝜓?̃? =
𝑒𝜓𝑑
𝑘𝐵𝑇
, where 𝜓𝑑is surface potential and e is 
elementary charge (1.6022×10-19 C). AH is the Hamaker constant of material in aqueous 
suspension and ℎ̅ =
ℎ+2𝑎
𝑎
. Equation 4.6, used to model the stability plots with DLVO 
theory, is based on the Gouy-Chapman model. Hence, it can be applied for colloidal 
aggregation with no limits on the surface potential of the particle44. The Gouy-Chapman 
model works only for electrolyte solutions where the cations and anions have the same 
charge44. Since the DLVO model was applied to fit stability plots obtained using NaCl, use 
of equation 4.6 for DLVO modeling is appropriate.  
4.3 RESULTS AND DISCUSSION 
4.3.1 Morphological Properties and Chemical Composition 
A representative TEM (Figure C1a) micrograph of the MWNTs shows that the 
tubes are mostly debundled and are free from catalyst metals with an average outside 
diameter of 21.3±2.6 nm. TEM micrograph of the TiO2 nanocrystals (Figure C1b) shows 
large aggregates or sintered particles. Such aggregated structure is expected for these TiO2 
nanocrystals, since these are produced by complete oxidation of the MWNT component of 
the NH-High at 650 °C.  
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The STEM assisted elemental mapping of the NHs (Figure 4.1) confirm the 
presence of Ti and O atoms in all the NHs. The TEM micrographs clearly show that the 
TiO2 nanocrystal loading is the highest in NH-High and the lowest in NH-Low. 
Furthermore, TEM micrograph of the NH-Mid shows that the TiO2 nanocrystals are evenly 
distributed on the MWNT surface, while that of NH-High show patchy TiO2 nanocrystal 
accumulation on the surface of the already coated MWNTs (with TiO2). Furthermore, a 
lowering of Ti intensity with decreasing TiO2 loading is observed in the element-specific 
mapping series shown in Figure 4.1.  
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Figure 4.1: Representative HRTEM (a-c) and STEM (d-f) micrographs and elemental 
mapping (g-i); (a, d, g) NH-High, (b, e, h) NH-Mid, and (c, f, i) NH-Low. All 
images were taken at comparable magnification.  
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Further quantitation of the NH and component composition has been assessed with 
XPS. Figure C2a presents the XPS spectrum for C 1s in acid functionalized MWNTs. The 
peak positions of the de-convoluted plot indicate the presence of multiple oxygen 
containing moieties (i.e., carboxylates, hydroxyls, and carbonyls) on the MWNT surfaces, 
which is in agreement with previously reported XPS data on acid treated MWNTs45. For 
the NHs, representative XPS spectrum for Ti (Figure C2 b) shows peaks at 458.3 and 464.3 
eV, which accurately match with the characteristic peaks for Ti3/2 and Ti1/2 of anatase phase 
TiO2
46. The Ti peaks for the NHs represent single fitting component, which indicate that 
TiO2 nanocrystals have only one oxidation state.  
 Table 4.1 presents the elemental composition of the materials, obtained from XPS. 
The oxidized MWNTs’ oxygen content is 10.9±0.2%, which decreases to 2.23% upon 
treatment with isopropanol and heat. Heating of the oxidized MWNTs in a nitrogen 
environment, which causes deoxygenation and fixes defects on nanotube surfaces, is 
primarily responsible for such reduction in oxygen content. Similar heat induced reduction 
in oxygen content has also been reported for graphene oxide35. Elemental composition also 
validates the decreasing presence of Ti in NH-High to NH-Low (Table 4.1). The excess 
oxygen content (oxygen, not associated with TiO2 nanocrystals) also decreases as the C:Ti 
ratio increases (Table 4.1). The oxygen containing functional groups on the MWNT surface 
are the most likely source of the excess oxygen. Another possible source of the excess 
oxygen can be moisture; which is not likely in these cases since all samples are kept under 
a very high vacuum (~10-8 Torr) overnight, prior to the XPS measurements. These results 
indicate that, in the case of NH-High, heat treatment was not successful in reducing the 
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surface oxygen groups, which mostly were protected by the TiO2 crystals that are 
overcoating the MWNT surfaces. As the TiO2 content is lowered, excess %O is also 
lowered, indicating more effective heat-mediated deoxygenation of the MWNT surfaces. 
Such conclusion is further validated by the presence of lowest %O on MWNT-ISP, where 
heat-mediated deoxygenation is more profound as there is no TiO2 to shield these groups 
from heat-mediated deoxygenation. 
Table 4.1: XPS analyses of MWNTs and the NHs 
Nanomaterials % O % Ti % O in TiO2 Excess %O 
MWNT 10.9±0.2 N/A N/A N/A 
NH-High (C:Ti molar ratio of 1:0.1) 27.3±1.1 8.6±0.3 17.2 10.1 
NH-Mid (C:Ti molar ratio of 1:0.05) 17.6±0.4 4.5±0.1 9.0 8.6 
NH-Low (C:Ti molar ratio of 1:0.033) 10.9±0.4 3.2±0.05 6.4 4.5 
MWNT-ISP 2.23±0.1 N/A N/A N/A 
 
The XRD patterns of the MWNTs, TiO2 nanocrystals, and the MWNT-TiO2 NHs 
are presented in Figure 4.2. The MWNT XRD spectrum show strong graphitic carbon peak 
at 25.7º and is in excellent agreement with previously reported XRD patterns of the 
oxidized MWNT34. TiO2 nanocrystals show XRD peaks at 2θ values of 25º, 37.5º, 48º, 
55.5º, 62.8º and 69.5º, corresponding to (101), (004), (200), (211), (204), and (116) crystal 
planes, respectively. All these crystal planes suggest that the TiO2 nanocrystals are in pure 
anatase phase47. NHs with highest TiO2 nanocrystal loading show strong occurrence of 
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peaks in the C and Ti scatter regions, and the peak intensities are stronger with the increase 
in TiO2 loading.  
 
 
 
 
 
 
 
 
Figure 4.2: XRD spectra for (a) oxidized MWNTs and (b-d) MWNT-TiO2 NHs, and (e) 
TiO2 obtained from oxidizing the MWNTs in the NHs. C:Ti molar ratio is 
1:0.1 (b), 1:0.05 (c), and 1:0.033 (d), corresponding to NH-High, NH-Mid, 
and NH-Low. The anatase crystal planes are labeled on top of the peaks. The 
overlapped crystal planes of C and Ti at 2θ of 25.5 degree is labeled as C/Ti 
4.3.2 Electrokinetic Properties 
All the materials exhibit negative electrophoretic mobility, which decrease with the 
increase in NaCl concentration (Figure 4.3). The electrokinetic behavior of these materials 
follow classical electrostatic compression in presence of increased amount of electrolytes 
24, 30, 31, 37, 40, 41. The MWNTs show the highest EPM values among all the materials (-
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3.15±0.09 × 10−8 to -1.87±0.07 × 10−8 m2 V−1 S−1 at 1 to 100 mM NaCl), and the values 
are within the range of previous literature reports (-3.5 × 10−8 to -2.4 × 10−8 m2 V−1 S−1 
with high and low oxygen content, respectively at low ionic strength)27. The highly 
negative EPM values of the MWNTs likely originates from the oxygen containing surface 
moieties that get etched into the MWNT exterior surfaces and at the open tube ends during 
the acid-treatment process27-29. Other carbon allotropes such as single-walled carbon 
nanotubes25, 30, 48 and graphene49, 50 have also shown similar electrokinetic properties upon 
oxidation. TiO2 shows the least negative EPM values among all (ranging from -1.8±0.06 × 
10−8 to -0.51±0.12 × 10−8 m2 V−1 S−1 under 1 to 100 mM NaCl conditions). Similar EPM 
values have previously been reported for bare TiO2 nanocrystals in aqueous suspensions
51. 
The EPM trends for the NHs show a gradual decrease in EPM values with the decrease in 
TiO2 loading (Figure 4.3). This trend is consistent with that of the excess oxygen content 
discussed earlier. Thus, the electrokinetic contribution to the NHs has mostly occurred 
from the oxygen functional moieties. Hence, among the NHs, NH-High will provide the 
strongest electrostatic contribution in colloidal stability, followed by the NHs with lower 
TiO2 loadings, NH-Mid and NH-Low.  
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Figure 4.3: Electrophoretic mobility of NHs and the component materials at a range of 
NaCl (1 to 100 mM). Measurements were taken right after adding appropriate 
NaCl amounts in the aqueous NM suspensions. All experiments were 
performed at 25 °C at a pH of 6.9±0.2.  
4.3.3 Aggregation Behavior and Underlying Mechanisms 
The initial average hydrodynamic radii (HDR) of the MWNTs and the NHs lie 
between 75±2 nm to 101±2 nm (Figure C5). The MWNT-ISP show larger aggregate size 
(133±3), likely due to a high degree of deoxygenation during heat treatment, leading to a 
higher degree of clustering. The HDR of the TiO2 nanocrystals is 87±2 nm, which is in a 
similar size range of that of the NH and MWNT clusters. The TiO2 cluster size is higher 
than that shown via TEM, mostly due to high aggregation propensity of these materials, 
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which have no surface coatings and low EPM resulting in compromised stability in aqueous 
suspensions.  
The stability plots (Figure 4.4) indicate interesting aggregation behavior of the NHs 
with respect to the component materials. Stability plots for all NMs show distinct 
unfavorable reaction limited colloid aggregation (RLCA) regime and favorable diffusion 
limited colloid aggregation (DLCA) regimes. The aggregation propensity of all the 
materials is bound (i.e., minimum and maximum) by that of the two components materials’; 
i.e., MWNTs shows to be the most stable material (RLCA regime ranging from 55 to 175 
mM NaCl), while TiO2 is the least (RLCA regime of 1 to 15 mM NaCl). Similar colloidal 
stability for MWNTs27-29 and TiO2
52 has previously been reported. The stability of these 
component materials follows the trend shown in the electrokinetic properties of these 
materials (Figure 4.3); i.e., the aggregation of these materials is primarily controlled by 
electrostatic interaction, which is a strong function of electrolyte concentration in the 
medium. NH aggregation reveals interesting interplay between van der Waals and 
electrostatic interactions.  
The observed NH-High aggregation propensity (RLCA regime 5.5 to 48 mM NaCl) 
is closer to that of the TiO2 than the MWNTs (Figure 4.4); though the electrostatic 
contribution for this NH is one of the strongest as observed from the EPM results and is 
comparable to those of the MWNTs (Figure 4.3). Attachment efficiencies of NH-Mid (with 
a lower TiO2 loading than that of NH-High) on the other hand, shows a significant 
rightward shift (RLCA regime 5.5 to 70 mM NaCl), indicating a strong gain in stability. 
The EPM trend for this NH, however, indicates a weaker electrostatic contribution 
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(compared to that of the NH-High). Such experimental observation suggests that 
contribution of the TiO2 on the surface (with higher van der Waals attraction) is much 
stronger for NH-High compared to NH-Mid (with lower TiO2 loading), causing instability 
to the NH-High. The aggregation behavior of the NHs gets more complex when the TiO2 
loading lowers even further, as in the case of NH-Low. Lowering the contribution from the 
TiO2 in this case is balanced out by the lower contribution from electrostatics (Figure 4.3), 
resulting in arresting the stabilization trend of the NHs with lower TiO2 loading.  
To assess the effect of deoxygenation (via heat treatment during NH synthesis) on 
stability, aggregation kinetics has also been studied for MWNTs treated in isopropanol and 
heat (MWNT-ISP), in identical synthesis conditions as the NHs except that no Ti precursor 
was present. The MWNT-ISP show destabilization (RLCA regime 3 to 30 mM NaCl) 
similar to TiO2 (Figure 4.4), and the EPM values, when compared, agree with the observed 
aggregation behavior. Thus MWNT-ISP aggregation is likely controlled by electrokinetics.  
 The observed aggregation behavior of the NHs and component materials appears 
to be following the classical DLVO theory, which considers attractive van der Waals and 
repulsive electrostatic double layer interaction to describe particle-particle interaction. 
However, the fundamental assumptions of DLVO theory, i.e., spherical particle shape, 
uniform charge distribution, and smooth particle surfaces, are mostly violated by the 
complex NHs as suggested by the morphological characteristics described earlier. Such 
particle-water interfacial complexities have previously been reported to be influencing 
colloidal aggregation53-56 and necessitates assessment of efficacy of the DLVO theory in 
predicting aggregation of these complex NHs. 
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Figure 4.4: Stability plots of the NHs and the components. Each point on the stability plots 
represents attachment efficiency of the respective NMs at specific NaCl 
concentration. All experiments are performed at 25 °C at a pH of 6.9±0.2. 
4.3.5 Efficacy of DLVO Theory 
Figure 4.5 shows the DLVO fitting of the experimental stability plots (using the 
EPM values and material properties). The stability plots of the component materials (i.e., 
MWNTs, MWNT-ISP, and TiO2) are best predicted with the DLVO model. Classical 
DLVO model shows deviation from stability behavior of the NHs, with an increasing error 
in prediction with an increase in TiO2 loading. Monovariate regression coefficient (R
2) 
values have been compared to compare the experimental data with the theoretical 
predictions.  
The deviation of the experimentally observed aggregation behavior from the DLVO 
theory can stem from a number of factors. The assumptions on the DLVO theory include 
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perfectly spherical shape of the particles considered and uniform distribution of charge on 
the particle surfaces. Hence, the experimental stability plots for the NMs tested, are not 
expected to exactly follow the DLVO prediction. Among the NMs, higher deviation is 
expected for the NHs because of their surface roughness upon hybridization. The TEM 
micrographs of the NHs show presence of a high degree of surface roughness, which 
increased with the increase in TiO2 nanocrystal loading. Effect of surface roughness in 
colloidal interactions has previously been investigated57, where interaction between rough 
latex particles and a flat surface was considered. Surface roughness on the latex particles 
was calculated as roughness indices by considering the rough surface of the latex particles 
as uniformly distributed small hemispherical asperities on the surface. Results from this 
study demonstrated that experimental deposition rate of the rough particles on the smooth 
surfaces at unfavorable conditions was higher than that predicted by the DLVO theory for 
deposition of smooth particles on a smooth flat plate. NH-High also shows higher 
aggregation propensity than DLVO prediction in the unfavorable aggregation regime 
(Figure 4.5). Other NHs, however, do not show such behavior for unfavorable conditions. 
DLVO over-predicts attachment efficiencies for all the NHs in the favorable aggregation 
regime. Thus, surface roughness generated from the TiO2 loading on MWNTs needs to be 
quantified and its role on aggregation has to be assessed. Surface charge heterogeneity, 
although not considered in this discussion, can contribute towards deviation of 
experimental aggregation behavior to DLVO prediction and hence, also needs to be 
quantified. 
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Figure 4.5: DLVO models for experimental stability plots (a) oxidized MWNTs, (b) NH-
High (1:0.1), (c) NH-Mid (1:0.05), (d) NH-Low (1:0.033), (e) MWNT-ISP, 
and (f) TiO2 nanocrystals. The experimental stability plots are fitted by DLVO 
estimated attachment efficiencies calculated from the stability ration equation 
using Matlab software. 
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4.3.6 Effect of Divalent Cation and SRHA on Aggregation 
For electrostatically stable colloids, presence of divalent cations is expected to 
facilitate aggregation by effective compression of the electrical double layer and specific 
adsorption37. All NMs, except NH-High demonstrate a higher aggregation rate at 10 mM 
ionic strength with Ca2+ compared to the same ionic strength comprised of only monovalent 
cations (Figure 4.6). MWNTs show the strongest response to divalent cations (Figure 4.6) 
as observed earlier27. A likely mechanism is specific adsorption of Ca2+ onto oxygen 
moieties on the MWNT surfaces 27. Colloidal bridging of particles with surface oxygen 
groups is also known to have occurred with divalent Ca2+ ions58. Similarly, MWNT-ISP 
shows fast aggregation rate (lower than MWNTs and higher than NHs and TiO2) in 
presence of Ca2+ (Figure 4.6); which is likely a result of decreased specific ion adsorption 
and Ca2+ bridging, mediated by low oxygen containing moieties.  
The aggregation rate of NH-High in 10 mM ionic strength is similar, with and 
without the presence of Ca2+ (i.e., 0.029±0.0021 nm/sec and 0.031±0.003 nm/sec, 
respectively). As previously discussed, TiO2 on MWNT surfaces likely served as a shield 
to the oxygen containing groups and prevented specific adsorption of Ca2+ ions. TiO2 
nanocrystals also demonstrate similar aggregation rate in 10 mM ionic strength with and 
without the presence of Ca2+ ions (0.1949±0.016 nm/sec and 0.2±0.048 nm/sec, 
respectively). The aggregation rates of the NH-Mid and NH-Low increase significantly 
with the presence of divalent Ca2+. As the TiO2 content decreases in the NHs, a larger 
fraction of the oxygen moieties likely get exposed to the surface, and hence can allow 
enhanced interaction with Ca2+ ions.  
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Presence of only 2.5 mg TOC/L SRHA dominates the aggregation behavior of the 
NHs with and without the presence of divalent Ca2+ (Figure 4.6). Such SRHA mediated 
colloidal stabilization has previously been reported24, 25, 37. The MWNT aggregation rate 
decreases from 0.60±0.076 nm/sec to 0.05±0.016 nm/sec with Ca2+. For the other materials, 
the aggregation rates reduce to a negligible level when SRHA is present. Lowering of 
aggregation rate indicates strong stabilization of all the materials by SRHA, resulting in 
electrosteric hindrance to aggregation36. The faster aggregation of the MWNTs than other 
NMs in presence of 2.5 mg/L TOC SRHA indicates likely bridging of MWNTs, mediated 
by Ca2+.  
 
 
 
 
 
 
 
 
 
Figure 4.6: Aggregation rates of all materials at 10 mM ionic strength (10 mM NaCl only 
and 7 mM NaCl + 1 mM CaCl2) with and without SRHA (2.5 mg/L TOC). 
All experiments were performed at 25 °C at a pH 6.9±0.2. The bar charts 
indicate mean aggregation rates and the error bars represent standard 
deviation.  
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4.4 SUMMARY 
This study assessed the effects of TiO2 loading on MWNT-TiO2 NH aggregation 
behavior. TiO2 loading was systematically varied from a C:Ti molar ratio of 1:0.1 to 
1:0.033. Results indicate that NH-High with the highest TiO2 loading behaves similarly to 
TiO2 nanocrystals while interacting with both mono- and di-valent cations. As the TiO2 
loading is decreased, the presence of oxygen containing functional moieties on the NH 
surfaces also decreased (shown with XPS) due to deoxygenation during NH synthesis, 
which leads to increased stability of the NH-Mid and NH-Low. With divalent cations, NH-
Low demonstrated the highest aggregation propensity among the NHs, likely due to 
specific adsorption of Ca2+ on likely exposed MWNT oxygen moieties. DLVO theory has 
shown to be unable to fit experimental results, particularly those of the NHs. Such deviation 
is likely caused by surface roughness and possibly by surface charge heterogeneity on the 
NHs, both of which violate the underlying assumptions of the DLVO theory. Presence of 
SRHA at 2.5 mg TOC/L concentration stabilized the NHs and the components (except 
MWNTs).  
 From the experimental results, it can be concluded that the sum of the aggregation 
behavior of the parts may not capture that of the whole (i.e., of the NHs). TiO2 loading on 
the MWNT surfaces changes the chemical composition of the NHs, which leads to a strong 
variation in the interfacial interaction of these materials in an aqueous environment. In the 
presence of SRHA, NHs will exhibit increased stability and higher residence time in a 
water column.  
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Chapter 5:  Summary and Conclusions 
5.1 SUMMARY 
This dissertation is based on novel research on the environmental aspects of 
complex, multicomponent multiwalled carbon nanotube-metal oxide (MWNT-MO) NHs. 
The research focuses on three important data gaps: 1) developing a facile synthesis 
platform for MWNT-MO NH preparation under comparable operational conditions, 2) 
understanding the crystal formation process during hybridization of MOs on the MWNT 
surfaces, and 3) evaluation of aggregation behavior of MWNT-MO NH and the component 
materials.  
 These data gaps were addressed by performing three tasks. In task 1, a wet-
chemistry based sol-gel technique was modified. The modified technique was utilized as a 
platform for synthesizing a wide range of MWNT-MO NHs by merely changing the metal 
precursor. Four different MWNT-MO NHs (MWNT-TiO2, MWNT-ZnO, MWNT-Er2O3, 
and MWNT-Pr6O11) were synthesized and a suite of characterization techniques was 
employed to characterize these NHs; electron microscopy (HRTEM and STEM with 
elemental mapping) for physical morphology, X-ray techniques (XRD and XPS) to assess 
crystallinity and chemical composition, thermal gravimetric analysis (TGA) to assess 
effective hybridization, and light scattering to evaluate cluster size in aqueous suspension.  
 Task 2 provided insights into the metal oxide crystal growth mechanism and degree 
of crystallinity (of the lanthanide series metal oxides). XRD was used to assess crystal 
structure of the metal oxides before and after calcination to gain such insights. 
Applicability of the sol-gel technique was tested by evaluating the role of standard 
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electrode potential (SEP) on zero-valent metal vs. metal oxide formation on the MWNT 
surface. Ag and Cu metal species were chosen to hybridize MWNTs with zero-valent 
nanocrystals of these species and assess applicability of the sol-gel method to synthesize 
these NHs.  
  In task 3, MWNT-TiO2 NHs with a range of TiO2 loading (C:Ti molar ratio of 
1:0.1, 1:0.05, and 1:0.033) on MWNT surfaces were chosen for the evaluation of 
aggregation behavior in aqueous environment. The aggregation behavior of the NHs was 
compared with those of the component materials (i.e., MWNT and TiO2). The modified 
sol-gel method was used to synthesize these NHs, which were characterized with HRTEM, 
STEM with elemental mapping for physical morphology, with XRD for their crystallinity, 
and with XPS for chemical composition. Aggregation behavior was assessed in a wide 
range of mono-valent NaCl concentration (1-100 mM) and in presence of 10 mM mixed 
electrolyte condition (7 mM NaCl and 1 mM CaCl2) with and without Suwannee river 
humic acid (SRHA). The experimental aggregation data (stability plots) were also 
compared with theoretical DLVO predictions to assess the efficiency of this classical 
electrostatic theory to capture the aggregation behavior of the complex NHs.  
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5.2 CONCLUSIONS 
The major conclusions of this research are summarized below: 
5.2.1 An Elegant Method for Large Scale Synthesis of Metal Oxide-Carbon Nanotube 
Nanohybrids for Nano-environmental Application and Implication Studies 
▪ A simple sol-gel synthesis process was modified for producing a wide range of 
MWNT-MO NHs (MWNT-TiO2, MWNT-ZnO, MWNT-Er2O3, and MWNT-
Pr6O11 in this case), where the MO content on the MWNT surface can be varied 
just by changing the precursors 
▪ The synthesis process was able to produce a relatively large quantity of NHs (100s 
of mg), typically necessary to perform a comprehensive environmental implication 
study. 
▪ TEM, STEM and elemental mapping of these NHs demonstrated attachment of 
MOs on the MWNT surfaces. 
▪ XRD patterns showed excellent crystallinity for MWNT-TiO2 and MWNT-ZnO 
NHs. However, a significant amount of amorphous content was identified in the 
MWNT-Er2O3 and MWNT-Pr6O11 NHs. 
▪ TGA on these NHs demonstrated that the MOs are chemically bonded with the 
MWNT surfaces.  
▪ XPS and TGA analyses on the NHs demonstrated material reproducibility between 
synthesized batches. 
▪ Stable aqueous suspensions were prepared with the NHs with fairly uniform cluster 
sizes (standard deviation within 10% of the average cluster size).  
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▪ All NHs demonstrated negative surface potential which is the primary reason for 
particle stability 
5.2.2 Insights into Metal Oxide and Metal Nanocrystal Formation During the Sol-gel 
Hybridization Process 
▪ Calcination of the NHs was determined to be one the most important steps in crystal 
formation on the MWNT surfaces. 
▪ The pathway for ZnO crystal formation includes Zn(OH)2/ZnO mixed phase crystal 
formation, which converts to ZnO crystals during calcination.  
▪ A low degree of crystallinity is observed on the metal oxides of MWNT-Er2O3 and 
MWNT-Pr6O11 NHs. Calcination of the NHs at an elevated temperature decreased 
the amorphous content, but not entirely.  
▪ The MO nanocrystals retrieved by complete oxidation of the MWNTs at high 
temperature showed comparable TEM sizes among themselves and demonstrated 
excellent crystallinity. 
▪ It is suggested that the modified sol-gel technique can grow both metal and metal 
oxide nano-features onto MWNTs, and the crystal composition depends on the SEP 
of the metal species; i.e., metal vs. metal oxides are grown with metal species 
having positive and negative SEP values, respectively. 
▪ Ag with a positive SEP value of 0.799 V formed zero-valent metal crystals on 
MWNT surfaces. However, Cu (with a positive SEP of 0.345 V) showed strong 
tendency to oxidize and form mixed phase Cu/Cu2O (core/shell) nanostructures. 
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Synthesis under oxygen-free environment could not eliminate the oxide form of the 
Cu. 
▪ It is suggested that metal species with positive SEP values, equal or higher than 
0.799 V will form zero valent metal nanocrystals when synthesized with the 
modified sol-gel technique described in chapter 2.  
▪ Using an alternative solvent, i.e., DMF, which is a stronger reducing agent 
compared to isopropanol (previously used solvent), the Cu2O content were reduced 
significantly, even when the synthesis is performed in presence of oxygen.  
5.2.3. Aggregation Behavior of Multiwalled Carbon Nanotube-Titanium Dioxide 
Nanohybrids: Role of Titanium Dioxide Loading 
▪ The MWNT-TiO2 NHs with all TiO2 loadings demonstrated higher colloidal 
stability than TiO2 and lower stability when compared to that of the oxidized 
MWNTs in presence of monovalent cations. 
▪ NHs with C:Ti molar ratio of 1:0.1 (NH-High) showed the highest aggregation 
propensity among the NHs in presence of only NaCl. The NHs with C:Ti molar 
ratio of 1:0.05 (NH-Mid) and 1:0.033 (NH-Low) demonstrated similar aggregation 
behavior with NaCl. 
▪ With an increased amount of TiO2 loading, the MWNT surfaces get overcoated with 
the metal oxide, which controls the interfacial interaction of these NMs. Lowering 
the TiO2 loading also allows for deoxygenation of the MWNT surface moieties 
(during synthesis), leading to a relative decrease in aggregation propensity (for the 
NH-Low).  
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▪ Presence of divalent Ca2+ ions showed increased aggregation rate for the NHs with 
lower TiO2 loading (i.e., for NH-Med and NH-Low). However, NH with the highest 
TiO2 loading showed minor increase in aggregation rate. These results indicate that 
overcoating of MWNT surfaces with TiO2 (for NH-High) most likely shielded the 
charged surface moieties, resulting in a likely reduction of specific ion adsorption 
and thereby reduced the effect on aggregation rate. 
▪ Fitting of the experimental data with the classical DLVO theory demonstrated that 
this classical electrostatic model is unable to fully capture the aggregation behavior 
of the NHs.  
▪ NH-High showed the most deviation of the DLVO theory from the experimental 
data. Surface roughness of these NHs, contributed by overcoated TiO2 has likely 
contributed to such deviation.  
▪ Presence of SRHA decreased aggregation propensity for all materials indicating a 
strong binding of the natural organic matter to the NH and the component material 
surfaces, which results in enhanced stabilization. 
5.3 ENVIRONMENTAL IMPLICATION OF THE RESEARCH 
With increasing use of multicomponent MWNT-MO nanohybrids in various 
biomedical and energy sectors, the risk associated with the environmental release is 
unavoidable, which necessitates systematic evaluation of their environmental implications. 
One of the major challenges for such studies is the availability of materials with tightly 
controlled physicochemical properties. This research presents a facile MWNT-MO NH 
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synthesis technique, where simple variation in reagent composition and ratio allows for 
controlling the metal oxide type and loading on nanotube surfaces. To the best of the 
author’s knowledge, this is the only synthesis technique reported in the literature that can 
be used as a common platform to hybridize a wide range of MOs with MWNTs under a 
comparable set of synthesis conditions. Large material yield makes this method particularly 
useful for nano-environmental studies. Insights gained on crystal formation can guide 
better adjustment of the synthesis conditions to grow highly crystalline metal and metal 
oxides on MWNT surfaces.  
 The synthesis technique developed in the dissertation allowed controlled synthesis 
of MWNT-TiO2 NH (with a range of TiO2 loading), one of the most used and 
commercialized MWNT-MO NH. Results indicate that NHs with increasing MO loading 
will exhibit decreasing colloidal stability in the presence of monovalent cation only. The 
presence of divalent cation does not change the NH-High aggregation behavior observed 
for monovalent cations. However, NH-Mid and MH-Low demonstrated higher aggregation 
propensity with decreased MO loading in presence of a divalent cation. Thus, NH-Mid and 
NH-Low will likely be unstable in the presence of mono- and di-valent electrolytes. NH-
High will likely exhibit higher stability in such conditions. The presence of SRHA will 
stabilize all the NHs and thus can facilitate environmental transport of these complex NMs.  
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5.4 RECOMMENDATIONS FOR FUTURE RESEARCH 
The research presented in this study is one of the first of its kind and can be used 
as a platform to address key data gaps associated with environmental implications of 
MWNT-MO NHs.  
5.4.1 Recommendations on NH Synthesis 
The sol-gel synthesis process successfully synthesized four different MWNT-MO 
NHs. The synthesis process was proven to be reproducible for the MO loading used in the 
research. However, whether other MO loadings can be reproducibly attached on the 
MWNT surface remains unresolved. Additional experiments need to be performed to 
capture the highest MO loading that can be successfully attached to the MWNT surface 
using the sol-gel technique. The HRTEM micrographs of the NHs except for MWNT-TiO2 
indicated encapsulation of MO nanocrystals inside the MWNT core. Experiments need to 
be performed to quantify the encapsulation percentage as such encapsulation can alter the 
NH properties. Furthermore, aqueous suspensions of MWNT-ZnO, MWNT-Er2O3, and 
MWNT-Pr6O11 NHs showed limited stability (⁓48 hours). Better aqueous stability of these 
NHs needs to be pursued for EHS studies requiring suspension stability for more than 48 
hours (e.g., toxicity, porous media transport).  
 Since, the synthesis was performed with an inorganic solvent, the effect of pH was 
not considered on the synthesis process since the pH structure is completely different for 
the organic solvents. The pH structure for such organic solvents needs to considered to 
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better understand the effect of pH on synthesis which might facilitate improvement of the 
developed synthesis technique. 
Although MWNT-TiO2 and MWNT-ZnO showed excellent crystallinity, MWNT-
Er2O3, and MWNT-Pr6O11 NHs demonstrated amorphous MO content. The reported 
synthesis technique should be reengineered to enhance the crystallinity of the MO content 
in these NHs since, different ordered crystal planes can be responsible for different types 
of catalytic activities. Moreover, this research could not identify the hybridization scheme 
for MWNT-Er2O3, and MWNT-Pr6O11 NHs. Experiments need to be performed to decipher 
the hybridization mechanism of these NHs.  
Inorganic content in the synthesized MWNT-Cu/Cu2O NH was addressed as 
core/shell nanoparticles as per literature suggestion. Some of the articles performed depth 
profiling of these nanocrystals based on XRD spectra, however, did not present evidence 
of the actual core/shell structure of these nanoparticles. Hence, additional characterization 
needs to be performed to validate their core/shell structure. 
5.4.2 Recommendations on the Environmental Implication of the NHs 
In this research, aggregation experiments were performed with MWNT-TiO2 NHs 
with three different TiO2 loadings. Although the research demonstrated the effect of TiO2 
loading and synthesis technique on the NH aggregation behavior, it did not investigate the 
role of surface roughness and surface charge heterogeneity on the aggregation behavior of 
the NHs. Additional research should be conducted to capture the aspect of surface 
roughness and charge heterogeneity since both these material properties are known to 
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influence particle aggregation. Novel techniques should also be developed to 
experimentally measure the van der Waals attraction forces of the NHs. These results will 
be able to set up correlations among MO loading, NH surface roughness, charge 
heterogeneity, surface potential, and the van der Waals attraction forces, which will enable 
researchers to better predict the aggregation behavior of the MWNT-TiO2 NHs with 
different TiO2 loadings other than the ones used for this research. Furthermore, this 
research only focused on the self-aggregation behavior of the MWNT-TiO2 NHs. Other 
environmental implication studies (e.g., hetero-aggregation in presence of other colloidal 
particles, porous media transport, environmental transformation, and nanotoxicity) need to 
be performed. The aggregation study can complement these recommended studies to assess 
the environmental risks of these NHs.  
Residence time of a nanomaterial in the water column dictates the fate of these 
particulates in surface water environments. Aggregation results reported in this dissertation 
indicate that residence time of the NHs will depend on the NH composition as well as the 
water quality (e.g., ionic strength, concentration of natural organic matter). If the water 
quality is favorable for particle aggregation, the residence time of the NHs would be shorter 
and the NHs will deposit faster. Self-aggregation associated with hetero-aggregation (NH 
aggregation with other engineered or naturally occurring colloids) studies can be used to 
estimate the NH residence time in the water column. Furthermore, in this study, only SRHA 
was used to investigate the effect of natural organic matter on particle aggregation. 
Depending on the waterbody, the nature of the bio and geo macromolecules can be different 
(e.g., presence of less humified substances than SRHA). NH interaction with such organics 
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also needs to be assessed because such interaction can completely change the NH 
environmental behavior. 
One of the key factors controlling environmental implications of NHs is the 
material integrity under environmental exposure. Environmental transformation processes 
may compromise the integrity of these materials, hence may make implications studies on 
these composite materials irrelevant. Thus, assessment of NH integrity is essential to 
determine in order to evaluate behavior of a NH that may be persistent in the environment.  
 This research focused only on the MWNT-TiO2 NHs. Hence, environmental 
behavior of other MWNT-MO NHs remains a major datagap. Such environmental 
implication studies need to be performed with other MWNT-MO NHs. The synthesis 
technique described in this research can be used to synthesize these NHs and the results 
from such studies can be used to understand the effect of different MO content on 
environmental behavior of different MWNT-MO NHs.   
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Table A1: Residual Mass percentages and peak oxidation temperature of oxidized 
MWNTs and the NHs, obtained from TGA  
  
Sample Residual Mass (%) Oxidation Temperature (°C) 
MWNT 1.4±0.2 635.4±0.6 
MWNT-TiO2 40.3±2.3 560.5±1.1 
MWNT-ZnO 46.1±1.9 587.1±8.3 
MWNT-Er2O3 47.3±2.8 474.0±4.4 
MWNT-Pr6O11 51.8±0.7 437.5±1.5 
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Figure A1: Experimental setup for NH synthesis. 
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Figure A2: Representative (a) TEM and (b) HRTEM micrographs of oxidized MWNTs.  
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Figure A3: Representative XRD patterns comparing oxidized MWNTs with (a) Er2O3 
nanopowder and MWNT-Er2O3; (b) Pr6O11 nanopowder and MWNT-Pr6O11.   
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Figure A4: Characteristic XPS spectra for (a) C 1s in oxidized MWNT, (b) Ti 2p in 
MWNT-TiO2 (c) Zn 2p in MWNT-ZnO, (d) Er 4d in MWNT-Er2O3, and (e) 
Pr 4d in MWNT-Pr6O11 NHs.   
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Figure A5: Comparative XPS survey spectra of the three different batches of each of the 
four NHs: (a) MWNT-TiO2, (b) MWNT-ZnO, (c) MWNT-Er2O3, and (d) 
MWNT-Pr6O11. The peak labels perfectly align between all batches and are 
only labeled for the top spectrum to maintain clarity. 
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Figure A6: Comparative derivative mass loss profiles of the three different batches of each 
of the four NHs: (a) MWNT-TiO2, (b) MWNT-ZnO, (c) MWNT-Er2O3, and 
(d) MWNT-Pr6O11. Oxidation temperatures are labeled as the peak positions 
of the derivative mass loss plots. 
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Figure A7: Average hydrodynamic radius of oxidized MWNTs and the NHs over time. 
All experiments were performed at pH of 6.9 and at 25 °C. 
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 Table B1: Standard Electrode potential of different metal species: Reactions and values1 
Literature Cited 
1. Vanysek, P., Electrochemical series. CRC handbook of chemistry and physics 
1998, 87. 
 
 
 
 
 
 
 
 
NH Reaction Standard Electrode Potential (V) 
MWNT-Al2O3 Al
3+ +3e-  ↔ Al (s) -1.662 
MWNT-CeO2 Ce
3+ +3e-  ↔ Ce (s) -2.336 
MWNT-CoO3 Co
2+ +2e-  ↔ Co (s) -0.28 
MWNT-Cu2O Cu
2+ +2e-  ↔ Cu (s) +0.345 
MWNT-Er2O3 Er
3+ +3e-  ↔ Er (s) -2.331 
MWNT-Eu2O3 Eu
3+ +3e-  ↔ Eu (s) -1.991 
MWNT-FexOy Fe
2+ +2e-  ↔ Fe (s) -0.44 
MWNT-HfO2 Hf
4+ +4e-  ↔ Hf (s) -1.55 
MWNT-MgO Mg2+ +2e-  ↔ Mg (s) -2.372 
MWNT-MnO Mn2+ +2e-  ↔ Mn (s) -1.185 
MWNT-MoO2 Mo
3+ +3e-  ↔ Mo (s) -0.200 
MWNT-NiO Ni2+ +2e-  ↔ Ni (s) -0.25 
MWNT-Pr6O11 Pr
3+ +3e-  ↔ Pr (s) -2.353 
MWNT-SnO2 Sn
2+ +2e-  ↔ Sn (s) -0.1375 
MWNT-TiO2 Ti
2+ +2e-  ↔ Ti (s) -1.63 
MWNT-VxOy V
2+ +2e-  ↔ Pr (s) -1.13 
MWNT-WO3 W
3+ +3e-  ↔ W (s) +0.1 
MWNT-ZnO Zn2+ +2e-  ↔ Zn (s) -0.7628 
MWNT-ZrO2 Zr
4+ +4e-  ↔ Zr (s) -1.45 
MWNT-Ag Ag+ +e-  ↔ Ag (s) +0.7996 
MWNT-Au Au3+ +3e-  ↔ Au (s) +1.498 
MWNT-Pd Pd2+ +2e-  ↔ Pd (s) +0.951 
MWNT-Pt Pt2+ +3e-  ↔ Pt (s) +1.18 
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Figure C1: Representative HRTEM micrographs of (a) MWNT and (b) TiO2 nanocrystals.  
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Figure C2: Characteristic XPS spectra for (a) C 1s in oxidized MWNT and (b) Ti 2p in 
MWNT-TiO2 NH. 
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Figure C3: Characteristic XPS survey spectra for MWNT and MWNT-ISP 
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Figure C4: Characteristic XPS survey spectra for NH-High, NH-Mid, and NH-Low 
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Figure C5: Aggregation history profile of (a) MWNTs, (b) NH-High, (c) NH-Mid, (d) 
NH-Low, (e) MWNT-ISP, and (f) TiO2 at different electrolyte concentrations. All 
experiments were performed at 6.9±0.2 pH and at 25 °C. 
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Figure C6: Aggregation history profile of (a) MWNTs, (b) NH-High, (c) NH-Mid, (d) 
NH-Low, (e) MWNT-ISP, and (f) TiO2 at 10 mM NaCl concentration, 7 mM 
NaCl + 1 mM CaCl2, and 7 mM NaCl + 1 mM CaCl2 with SRHA. All 
experiments were performed at 6.9±0.2 pH and at 25 °C. 
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